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5. Introduction:

The overall purpose of this 5 year study is to use the altered expression of cyclih E as a
diagnostic/prognostic marker and to investigate the mechanisms and repercussions of this alteration
in breast cancer.

Cyclins are prime cell cycle regulators and central to the control of cell proliferation in
eukaryotic cells via their association with and activation of cyclin-depéndent protein kinases 1-7
(cdks) (reviewed in (12, 24, 30, 38, 54, 69). Cycljns were first identified in marine invertebrates
as a result of their dramatic cell cycle expréssion patterns during meiotic and early mitotic divisions
(13, 70, 72, 73). Several classes of cyclins have been described and are currently designated as
cyclins A-H, some with multiple members. Cyclins can be distinguished on the basis of conserved
sequence motifs, patterns of appearance and apparent functional roles during specific phases and
regulatory points of the cell cycle in a variety of species. The cdk partners of several of these
cyclins have also been identified: Cyclin A forms a complex with cdc2 (cdk1) and cdk2, and is
required both at mitosis and DNA replication (6, 49, 56, 75); cyclin B forms a complex solely
with cdc2 and is required for entry into mitosis, (reviewed in (54); cyclin D1, a cyclin active in the
G1 phase of the cell cycle, forms complexes primarily with cdk4 and cdk6, while cyclin E, another
G1 type cyclin, forms a coﬁplex with only cdk2 (1, 39, 40, 48, 54, 69, 79). Lastly, cyclin H has
been shown to form a complex with cdk7 and, together, they comprise the cdk-activating kinase
(CAK) protein complex which activates the nascent cyclin/cdk complex via phosphorylation (14,
46). Cyclin binding to a cdk enables the kinase to become active, initiating a complex kinase
cascade that directs the cell into DNA synthesis and/or mitosis, reviewed in (28, 79).

An additional layer of cell cycle regulation has emerged with the discoveries of low
molecular weight cdk inhibitors (CKIs) which represent a novel mode of negative regulation (11, -
57, 71). The first class of these inhibitors, p21, was simultaneously characterized in several

laboratories as the major p53 inducible gene (WAF1) (8-10), as a CDK inhibitor protein (CIP1,
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p21, and pZOCAPI) (18, 22, 80), as a protein highly expressed in senescent fibroblasts (sdi)
(53), and as a melanoma differentiation assbciated gene (mda6) (31). In normal fibroblasts, this
protein has been shown to be associated with and inhibit various cyclin-cdk complexes, including
cdk?2 associated with cyclins A and E, cdk4 associated with D-type cyclins (22, 23, 80—8‘2), and is
also found weakly associated cdc2-cyclin B (82). This protein Which repfesents one of the major
p33 inducible genes, is also induced during differentiation. It most likely acts as a general purpose
brake used during terminal differentiation and p53 directed DNA damage control (7). The second
protein in this family, p27K[P1, is both structurally and functionally similar to p21. pZ7KIPI was
identified simultaneously as a protein associated with inactive cyclin E-cdk2 complexes in TGFB
treated and contact inhibited cells (59, 60) and as a protein that interacts with cyclin D1-cdk4
complexes (74). TGFB arrests certain cell types in G1 and p27 is thought to be a cellular mediator
for this anti—prolifefative signal (41). Hence, p21 and ‘p27 may function similarly to inhibit cdk
activity and proliferation in response to different énvironmental stimuli. |

A second, structurally and functionally distinct family of CKIs is comprised of pl6, pl5
and their homologous (5, 19, 21, 27, 82). Structural features of these Ink4 (for inhibitor of cdk4)
proteins include 4 ankyrin like repeats which are postulated to be involved in mediating protein-
protein interactions (21, 67). Curiously these CKIs share significant homology to the Notch
proteins involved in the differentiation‘ and fate determination of cells during embryogenesis (19).
Inhibitors of 'this family bind cdk monomers (cdk4 or cdk6) rather than cyclin-cdk complexes (67,
82). It is believed that binding of ink4 proteins to cdks prevents and/or disrupts cyclin-cdk
complex formation thereby negating cdk activity. pl6 and pl5 proteins, encoded on human
chromosome 9, have been the subjects of intense study as this genomic region is frequently .
mutated in a variety of tumor cell lines and fewer tumor tissue specimens (67, 82). As their
alternate names imply (MTS1 and MTS2 for multiple tumor suppressor) pl6 and pl5 are
postulated to function as growth inhibitory tumor suppressor molecules. |

The connection between cyclins CKIs and cancer has been substantiated with the D type

cyclins (28-30, 70). Cyclin D1 was identified simultaneously by several laboratories using
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independent systems: It was 1dent1ﬁed in mouse macrophages due to its induction by colony |

stimulating factor 1 during G1 (47), It was also identified in complementation studies using yeast

strains deficient in G1 cyclins (44, 79); as the product of the bcl-1 oncogene (78), and as the
PRADl proto-oncogene in some parathyroid tumors where its locus is overexpressed as a result of
a chromosomal rearrangement that translocates it to the enhancer of the parathyroid hormone gene
(47, 50, 51, 62). In centrocytic B cell lymphqmas cyclin ID1 (PRAD1)/BCL1 is targeted by
chromosomal translocations at the BCL1 breakpoint, t(11;14)(q13;q32) (64, 65). Furthermore,
the cyclin D1 locus undergoes gene amplification in mouse skin carcinogenesis, as well as in
breast, esophageal, colorectal and squamous cell carcinomas (2-4, 32, 33, 42, 43). Several

groups have examined the ability of cyclin DI to transform cells directly in culture with mixed

-results (25, 26, 33, 45, 52, 62, 63, 70). However, the overexpression of cyclih D1 was recently

observed in mammary cells of transgenic mice and results in abnormal proliferation of these cells
and the development of mammary adenoéarcinomas (77). This observation strengthens the
hypothesis‘ that the inappropriate expression of a Gl type cyclin may lead to loss of growth
control. -

Cyclins D2 and A have also been implicated in oncogenesis. The cyclin D2 gene appears to
be the integration site of a murine leukemia provirus in mouse T cell ‘leukemias, resulting in its
overexpression (20). Cyclin A was found to be the site of integration of a fragment of the hepatitis
B virus genome in a hepatocellular carcinoma (76). Cyclin A is also associated with the adenovirus
transforming protein E1A in adenovirus transformed cells (15, 58)

The linkage between oncogenesis and the cell cycle was recently reinforced by correlating -

the deranged expression of cyclins to the loss of growth control in breast cancer (4, 37). Using

proliferating normal versus human tumor breast cell lines in culture as a model system, several

changes were seen in all or most of these lines. These include increased cyclin mRNA stability,
resulting in overexpression of mitotic cyclins and cdc2 RNAs and proteins in 9/10 tumor lines,
leading to the deranged order of appearance of mitotic cyclins prior to G1 cyclins in synchronized

tumor cells. The most striking abnormality in cyclin expression was that of cyclin E. Cyclin E
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protein not only was overexpressed in 10/10 breast tumor cell lines but it was also present in lower
molecular weight isoforms than that found in normal cells (37). The relevance of cyclin
derangement to in vivo conditions, was directly examined by measuring the expression of cyclin E
protein in tumor samples versus normal adjacent tissue obtained from patients with various
malignancies (36). These analyses revealed that breast cancers and other solid tumors, as well as
malignant lymphocytes from patients with.'lymphatic leukemia, show severe quantitative and
qualitative alteration in cyclin E protein expression independent of the S-phase fraction of the
samples. In addition, the alteration of cyclin E becomes more severe with breast tumor stage and
grade and is more consistent than cell proliferation or other tumor markers such as PCNA or c-erb
B2. These observations strongly suggested the use of cyclin E as a new prognostic marker. These
findings were corroborated by immunocytochemical detection of cyclin E which detects tumor
proliferation and deregulated cyclin expression. The mechanism of the cyclin E alteration is in part
a result of its deregulation in breast cancer. The alteration of cyclin E in breast cancer have been
recently further characterized and reveal that while cyclin E is cell cycle regulated in normal cells it
is pfesent constituitively and in an active cdk2 complex in synchronized populations of breast
cancer cells. Two novel truncated variant forms of cyclin E mRNA as detected by RT-PCR were
also identified which are ubiquitously detected in normal and tumor cells and tissues. These
variant forms of cyclin E can give rise to an active cyclin/cdk2 complex in vitro, but they do not
seem to be translated in normal cells.

During the first four years of this application we have used cyclin E antibody as a
prognostic marker for breast cancer by analyzing breast tumor tissue specimens for the alterationé
in cyclin E protein. During the first two years we collected 550 tumor tissue samples from breast
cancer p'citients diagnosed with different stages of breast cancer ranging from pre-malignant to
highly invasive. We extracted RNA, DNA and protein from most of these sam.ples.‘ Due to limited
sample size received for each patient (i.e 0.1-0.2 g of tissue), protein was initially extracted from
all samples and if there was tumor sample left over, DNA and RNA Were also extracted. The

protein extracts from all 500 samples were then subjected to Western blot analysis and the
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expression of cyclin E was compared and correlated with other known prognostic ‘markers
examined in the same samples. The prognostic markers include, cyclin D1, erbB-2, as well as
PCNA to determine the proliferative activity of these samples. We also ébtained information on
the estrogen and progesterone receptor status of each sample as well as ploidy and proliferation rate
as measured by Ki-67. In the second year of this study we analyzed the results obtained in the first
year by quantitating the levels of cyclin E in each tumor specimen with that of cyclin D1, erbB2
and PCNA. These analysis were done by performing densitometric scanning on each lane of each
vgel with each antibody for each patient sample using at least two autoradiographs with different
exposures. Such laborious analysis were necessary to accurately determine thé level of cyclin E
protein in every patient and correlate the alteration of cyclin E protein from each patient to the stage
of their disease. During the third year of this application we contacted the 20 hospitals where these
samples were obtained, and have been successful in collecting the following information on 400 of
these patients: final diagnosis, TNM staging, treatment given, and final outcome (i.e quality of
survival). Having all this information we have performed correlative analysis on these samples and
evaluate the role of cyclin E as a prognosticator for breast cancer. During the third year of this
application we have also developed a new antibody to cyclin E which can be used for detection of
the alteration of cyclin E in immunohistochemical analysis using tissue slides obtained from frozen
tissue samples.

During the fourth year of this application we added several other cell cycle markers to our
panel of tumor markers. These iﬁclude cyclin D3, p21, p27, p16 and pRb. The reason for the
inclusion of these markers was that several of these markers are thought to functionally interact
with or act on cyclin E and hence their over or altered expression in conjunction with cyclin E
could have profound effects of prognosis. During the fourth year of the study we have also
initiated the statistical analysis of correlating cyclin E overexpression to outcome and determine

- whether indeed it is an independent tumor marker for poor prognosis.
In addition to the clinical research outlined above we have also engaged in studies to

determine the mode of regualtion of cyclin E in normal cells and how this regulation is altered in
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cancer cells. During tﬁe second and third years of the grant we documented that cyclin E is in fact
deregulated in breast cancer and such deregulation gives rise to redundancy in function. We show
that under conditions whefe cyclin E is overexiaressed it can act redundantly and replace cyclin D as
well as cyclin A in breast cancer cell lines. We also document that such redundancy is also seen in
tumor tissue specimen (17). During the third year of the application we have documented that not
only are the expression of CKIs including p21CIP1 in normal versus tumor cells different, but the
CKIs can be phaﬁnacologically induced in tumor cells and that such overexpression could lead to

induction of the Estrogen Receptor in otherwise Estrogen Receptor negative breast tumor cells

(16). During the fourth year of this application we have engaged in several studies aimed at further.

addressing the mechanisms of deregulation of cyclin E in breast cancer cells. These s_tudies include
addressing how cyclin E is altered in breast cancer cells and identifying the altered forms of this
cyclin found only in breast cancer cells and tissues. We have also initiated studies on using the
é.ltered expression of cyclin E as an example of loss of G1 checkpoint control in tumor cells, and
exploiting this phenomenon therapeutically. Lastly, we have further expanded our studies on the
pharmacological induction of CKIs in breast cancer cells by addressing the cellular pathways
altered by such induction and mechanism by which lovastatin (i.e. the pharmacological agent) is

capable of inducing the CKIs in breast cancer cells.

6: Body (Results/Discussion)

During the fourth year of this grant application we finished most of the experimental section
and some of the data analysis of all 4 aims. We are currently in the process of writing the
manuscripts and expanding on the initial observations made for each aim by addressing the next
series of questions our data have raised. Below is a brief description of whét we have
accomplished in the last year, what new data we have generated and what our goals are for the fifth

and final year of this application.
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Use of cyclin E as a prognostic marker for breast cancer: For the first study we
collected 550 breast cancer specimens, analyzed cyclin E on 500 of these samples, and were able to
obtain clinical and outcome data on 385 of these cases. In the first to third years of the study we
were able to analyze the expreésion of Cyclin E, Cyclin D1, and PCNA on Western blot analysis
and correlate their expression to prognosis and outcome 6f patients. In the fourth year of the study
we also examined thé expressions of cyclin D3, pRb, p21, p27 and p16 in all the patient samples.
These new markers are in addition to what we originally planned in our application and the reason
for their inclusion is as follows: Cyclin D3: When we examined the overexpression of cyclin D1
in our panel of breast tumor tissues, we found that even though cyclin Dl1is overexpresséd in 50%
of all breast cancers, its ovérexpression is not correlated to outcome. Cyclin D3 is a member of the
same family as cyclin D1, yet its expression is more consistent with cyclin E in our in vitro studies
(data not shown). For that purpose, we rationalized that maybe the key member of the cyclin D
family whose overexpression could be associated with poor outcome is cyclin D3 and not cyclin
D1. However, following our analysis of cyclin D3, we found that the overexpression of cyclin D3
in the breast cancer tissues mirrored that of cyclin D1 and not cyclin E. Hence, even though the
cyclin D family of proteins are overexpressed in 50% of all cases of breast cancer we examiﬁed,
their overexpression is not associated with poor prognosis nor overexpression of cyclin E.
pRb/p16: In a study we published last year on the redundancy of cyclin E in breast cancer (17), we
found that in cell lines and tumor tissue samples overexpressing both cyclin E and p16, cyclin
- E/cdk2 complexes and not cyclin D/cdk4 complexes could phosphorylate pRb. These results
strongly suggested that cyclin E can act redundantly for cyclin D to phosphorylate pRb. For that
purpose we examined the levels and phosphorylation status of pRb in our breast tumor samples
and correlated it with overexpression of cyclin E and p16. Our results indicated that in 60% of all
tumors where cyclin E and p16 were overexpressed, pRb was also expressed and present in its
hyperphosphorylated state. This is very significant, as it suggests that overexpression of cyclin E
has functional significance in giving the tumor cell a growth advantage by constitutively

phosphorylating substrates throughout the cell cycle. P21/p27 These two CKIs can inhibit the
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- functional activity of cyclin .E by binding to the cyclin E/cdk2 complexes and inhibiting their
activation. There has been some reports in literature that there is an inverse correlation between the
overexpression of cyclin E and under expréssion of p27, and such inverse correlation has
prognostic value (61). We wanted to know if such an inverse correlation held true for our breast
tissue samples. Our analysis revealed that indeed there was in inverse correlation between cyclin E
overexpressors and p27 underexpressors. However we also found that several of the breast tumors
which overexpressed pRbD also overexpressed p27. We are currently in the process of pefforming
statistical analysis on our results and we will be summarizing these analysis in 2 manuscripts
currently under preparation. The first manuscript primarily deals with cyclin E, cyclin D1, cyclin
D3 and patient outcome. The second manuscript covers the data on pRb/p16, p21, p27, and poor
prognosis. In order to ensure that our follow up period for every patient is at least 5 years, we will
update our patient outcome files in the spring of 1999 and incorporate that into our statistical
analysis. It is anticipated that these two manuscripts will be completed during the 5™ year of our

study.

Utilization of cyclin E deletional mutations to detect early metastatic breast
cancer. Early on in the study, during the first year, we determined that the cyclin E forms we had
referred to as deletional mutations turned out not to be deletional mutations, but rather splicing
variants of cyclin E that are present in both normal and tumor cell lines and tissue samples.
~ However, these. truncated forms of cyclin E will help us decipher the mechanisms of alteration of
cyclin E in breast cancer. Even though this aim was elucidated i'ight away, we chose to examine
how these alternative splice variants would give rise fo the lower _moleéular weight isoforms we
observe in tumor but not normal cells. As a result we expanded this aim to read "Identification of
the lower molecular weight isofoﬁns of cyclin E in tﬁmor cells". Below is a description of our
progress on this aim which is near completion.

Examination of a tumor c‘ell or tumor tissue western blot shows that cyclin E is present in a

number of low molecular weight forms in addition to the expected 50 kDa form (Fig 1). Just how
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these low molecular weight forms are generated whether by proteolysis, alternate translation start
sites ‘or alternate splice variants is not known. It is the goal of thiS expanded second aim to discover
the mechanism which generates these low‘ molecular weight forms. The pattern of cyclin E
processing in tumor tissue has valuable prognostic power. Five splice variants have been
identified using RT-PCR, including the 50 kDa form considered the wild type (Fig 2). A form

which is 45 base pairs longer than wild type (55) is termed EL, a form which deletes the cyclin box
and is unable to activate cdk2 in vitro is termed ES (68), a 9 base pair elimination in the 5° domain
of the message is termed delta 9 and finally a 148 base pair elimination causing a frame shift is
found in the 3’ domain of the cyclin E message (35) (Fig 2). It .is not known whether all these \
forms are expressed as protein under any circumstances but the ability to activate cdk2 in vitro
using histone H1 as a substrate has been examined (35). It is also not known whether the splice
variants have an altered specificity toward the natural substrate pRb. The message Which gives rise
to the predominant 50 Kda form found in western blots could be either the wild type or the EL
form. Since cyclin E was discovered by its ability to rescue a yeast triple cln mutant the actual
protein sequence, especially the amino terminus has not been determined. Northern blot analysis
(Fig 3) shows that there is a single major species of mRNA coding for cyclin E. However,
Northern blot analysis is not particularly accurate for determining small differences in base length.
A more sensitive RNAse protection assay was used to fully characterize the amount of cyclin E
mRNA in normal and tumor cell lines. An additional advantage of the RNAse protection assay is
the ability to detect splice variants and small variations in sequence.

RNase protection probes were designed to examine cyclin E mRNA (Fig 4). Four
overlapping antisense probes were used to quantitate the coding domain of the message. as well as
scan for splice variants. The quantitation was accomplished in seven cell lines including two
derived from normal tissue and five derived from tumor tissue (Fig 5). The results of the -
quantitation showed that there are 2-3 bopies of cyclin E mRNA per cell in unsychronized normal
breast epithelial cells (76N) and a normal breast cell line (MCF 10A). Breast tumor cell lines

exhibited a range of cyclin E mRNA expression from as low as 1 copy per cell (MCF 7 and
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ZR75T) to four copies per cell (MDA MB 231) to 8 copies per cell (MDA MB 436) to a
whopping 40 copies per cell in MDA MB 157. Human beta actin was quantitated by RPA in each
preparation of total RNA as a control. For comparison, beta actin was present consistently at about
3000 copies per cell regardless of cell type (Fig 10).

An unexplained curiosity was discovered when the cyclin E mRNA was quantitated using
four overlapping probes scanning the full length of the coding sequence (Fig 4). In the case of the
tumor cell line MDA MB 157 the RPA probe specific for bases 190-523 of the cddiﬂg sequence
showed that this segment is over-represented four-fold when compared to the rest of the mRNA
(Fig 4). This part of fhe mRNA codes for the "cyclin box" domain of the cyclin E protein. When
a longer probe was used in the RPA (bases -25 to 523) two distinct protected fragments were
detected, one representing the full length mRNA and a second at least 100 bases shorter. This
qualitative result is consistent with the previous quantitative data indicating that there is an over-
represented segment of the cyclin E mRNA. This could represent a new splice variant containing
only a short segment of the known coding sequence for cyclin E.

To complement the RPA analysis of cyclin E mRNA found in normal and tumor cells, we
devised a method to enumerate the relative abundance of the knownv forms of cyclin E mRNA. A
single restriction enzyme Sau ITTA is used to digest the cyclin E cDNA into fragments which upon
analysis by Southern blot can distinguish between the various known cyclin E splice variants (Fig
6). Cyciin E cDNA was prepared from normal and tumor cell lines and ligated into the T/A cloning
vector to create a plasmid library representative of the various forms of cyclin E mRNA. Southern
blot analysis of individual plasmids from these shows the relative abundance of the known splice
variants of cyclin E. This library analysis shows that there are no major splice variants in the cell
lines which have not already been described except for a combination of the delta-9 and delta-148
forms. The frequency of the known splice variants relative to the wild type form does not differ
between normal and tumor cell lines (Fig 6). This analysis allows us to conclude that the major
species of cyclin E mRNA is that of thé full length (EL) form. For every 100 molecules of cyclin

E mRNA 60 are of this species while the remaining forms are equally divided among the delta-9,
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delta-148 and EL forms. We conclude from the Northern blot analysis, RNAse protection assay
and Southem blot assay that there are no detectable forms of cyclin E mRNA which could account
~ for the low molecular weight forms found in tumor cells and tumor tissue (Figs 2-6). We believe
that the low molecular weight forms are produced primarily through the action of a protease
activity, as described below.

To determine the amino-terminal residues of thebyarious molecular weight forms of cyclin
E protein processed in tumor cells, the protein was purified with an antibody affinity column and
subjected to mass spectroscopy (MALDI TOF) analysis. The goal of this purification is to
~ eventually purify enough cyclin E protein for automated Edman sequencing. Cyclin E was purified
using a polyclonal antibody directed to a carboxy-terminus derived peptide (Fig 7). The polyclonal
antibody was covalently attached to protein A-sepharose. Soluble protein was extracted from the
tumor cells MDA MB 157 grown in culture as previously described (35). The soluble protein (120
mg) was batch adsorbed to the antibody affinity column at 4° C overnight. The affinity resin was
transferred to a column where the resin was washed and the cycle E was eluted with ablow pH
buffer. Samples from each step of the puriﬁcétion were boiled in reducing sample buffer and
separated by SDSP PAGE and western blotted, to detect cyclin E. The cyclin E is quantitatively
recovered from the affinity column as shown in Fig 7. The combined, eluted, purified cyclin E was
concentrated by centrifugation in a Centricon 10, boiled in reducing sample buffer and the protein
separated by SDS PAGE. The gel was then silver stained and bands were cut from the gel (Fig 8).
1 mm of each gel band was removed, dehydrated in acetonitrile, re-hydrated in reducing sample
buffer, boiled and run again on a SDS PAGE gel for western blotting. This procedure identifies
the precise gel slice which contains cyclin E and the known proteins which associate with cyclin E,
for example cdk2. The remaining portion of each gel slice was processed and digested with
trypsin overnight at 37°C. The tryptic peptides were then extracted from the gel, first with 30%
acetonitrile, followed by a second extraction in 70% acetonitrile. The extracted peptides were
analyzed by MALDI TOF masé spectroscopy, and the resulting peptide masses characterized using

the internet software package, Protein Prospector (Fig 9). The tryptic peptide analysis of various
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bands from the silver stained gel show that in addition to the expected cyclin E and cdk2 there are a
number of contaminating bands and some potential unknown proteins which may or may not be
specifically binding the cyclin E/cdk2 complexes (Figs 8, 9). This method has clearly identified a
single band containing only cdk2. The staining intensity would indicate approximately 5 pmol of
protein in this band. Since cdk2 can only be present on the gel through ’its‘ association with cyclin
E, we assume that cyclin E is present in equimolar amounts. The gel slices containing cycliﬁ E
contain a significant arﬁount of actin, which is overlayed on the tryptic peptide cyclin E signal. To
complement this polyclonal affinity column we are also using a commercially available monoclonal
antibody affinity column (HE111) for the purification of cyclin E and associated proteins. We
hope that the various methods of purification will resolve between contaminating proteins and

proteins which have a functional association with cyclin E.

Cyclin E truncations and deletions to find the domain processed in vivo. An
indépehdent approach taken to identify the lower molecular weight isoforms of cyclin E was to ask
hoW these forms are processed in tumor cells. As a method to ahswer this question, we introduced
the different splice variant forms of cyclin E (Fig 2) in tumor and normal cells and examined how
these cDNAs get processed into proteins. The 5 different cyclin E mRNA’s shown in figure 2
represent the whole population of cyclin E transcripts which could potentiaily give rise to a protein
product. Even if all 5 of the mRNA’s are translated into protein, this would still not be sufﬁcient
to account for all of the lower molecular weight forms found in MDA-MB-157 (Fig 1). This
suggests that there is some form of translational or post-translational processing of the full length
cyclin E into the lower molecular weight isoforms, and that this processing is only active in tumor
cells which express the isoforms. We have devised a strategy to test this hypothesis which
involves the expression of the full length cyclin E cDNA’s in normal and tumor cells, and studying
the protein products for processing events. The 4 active forms of cyclin E, WT (L1), A9, A148,
and EL (trunk 1), were cloned into the mammalian expression vector pPCDNA3.1, which will allow

in vitro expression of cyclin E, constituitive expression of high levels of cyclin E in mammalian
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cells, and a neomycin resistance gene for stable selection. The cyclin E fo@s have also been been
enginéered with a FLAG sequence at the 3' end, which will be used as a tag for monitoring both
expression levels, and processing of the full length cyclin E into the lower molecular weight
‘isoforms (Fig 10). The truncated 5' end have all been given identical ribosome binding sites for
equal expression levels in vivo. The FLAG tag is a powerful way to study the expression of the
cyclin E which is transfected into the cells, separate from that which is endogenously present
within the cells. We alsb constructed 3 FLAG tagged N-terminal truncated cyclin E forms, trunk
4, 6, and 10 (Fig 10). These Will be used for size determination of the lower molecular weight
forms, along with Kinase activity studies of cyclin E. The trunk forms will be discussed in more
detail below.

We have determined condiﬁoné for achieving high transfection efficiency using our normal,
MCF-10A, versus tumor, MDA-MB-157, model system. Transfection conditions by
electroporation yields 50-70% efficiency. Positive transfectants were identified by flow cytomeﬁic
analysis for green fluorescence protein (GFP) emission, and shown in a chart as percentage cells
expressing GFP versus cell type (Fig 11). Efficiency of MDA-MB-157 transfection was a
maximum of 55%, and MCF-10A was at a maximum of 70%, while the background remained at
about 1%. This data holds importance to this study since we will be using transient expression of
cyclin E to study the differences in processing between normal and tumor cells, and different
efficiencies will lead to different expression levels éhown on the gels.

To determine if a single cyclhi E mRNA can give rise to lower molecular weight forms in
normal and tumor cells, we transfected both MDA-MB-157 and MCF-10A cells with the wild type
L1 and trunk 1 cyclin E (Fig 12). Cyclin E L1 seems to migrate at a lower molecular weight than
the endogenous full length seen in cells. This suggests that L1 does not represeht the endogenous
full length cyclin E seen in cells. The longer cyclin E EL which uses an upstream ATG was
constructed to represent the full length in the cells, called trunk 1 (Fig 10). In vivo expression of
the wild type L1 or trunk 1 cyclin E cDNA in MDA-MB-157 show the appearance of lower

molecular weight isoforms predominantly in tumor cells (Fig 12). This suggests that a single
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cyclin E transcript has the capacity to give rise to lower molecular weight forms in tumor cells.
When normal cells are transfected with the wild type L1 or trunk 1, they exhibit predominantly the

expression of the high molecular weight cyclin E. This normal - tumor difference is indicative of

what is seen with the endogenous cyclin E. Although normal cells do have the ability to give rise J

to some of the lower molecular weight forms that MDA-MB-157 express, the proportion of the

lower molecular weight isoforms to the full length is significantly higher in the tumor cells than

normal cells. This means that whatever mechanism gives rise to the lower molecular Weight forms

is more predomihant, or more active in tumor cells. l\/f;)reover, this processing mechanism can
- give rise to these forms from one single full length message. Since the transfected cyclin E is a
cDNA copy, the isoforms it giveé rise to cannot be from a splicing event, hence the generation of
the forms can only be explained by some type of specific proteolytic processing event, or an
alternate translation initiation.

We next wanted to estimate the sizes of the isoforms by examining the amino acid
sequences within the suspected region of processing which could harbor alternate ribosome start
sites, or protease consensus Sequences. To determine more closely where the processing of cyclin
E was taking place, a series of N terminal truncations of cyclin E cDNA were constructed (Fig 10).
Our lab has already determined that the truncated forms of cyclin E are due to N terminal deletions
by uéing antibodies to scan the length of the protein (data not shown). Figure 10 illustrates the
truncated forms of cyclin E we have used in the constitutive expreésion vector pCDNA3.1.
Expression of the truncated forms of cyclin E in vitro is shown in figure 13 by a cyclin E
monoclonal antibody, as well as a FLAG monoclonal and polyclonal. The in vitro TnT Westerns

of the trunk forms show multiple bands appearing, which are probably due to alternate translation

sites. When the trunk forms are transfected into MDA-MB-157 cells, each trunk form is processed '

into the next set of lower forms (Fig 14A, B). MDA-MB-157 results in more extensive processing
of the trunk forms than the TnT in vitro expression system. This provides additional evidence for

the ability of 157 cells to process a cyclin E cDNA into smaller forms. When MCF-10A express
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the trunk forms, they once again express predominantly the longest form of each trunk (Fig 14C,
D) providing additional evidence that the processing mechanism is more active in tumor cells.

To initiate our studies into the biochemistry of the cyclin E lower molecular weight forms,
we have used the trunk cyclin E forms as a representation of the endogenous forms found between
50 and 33 kDa in tumor cells. To examine if N terminal deleted cYclin E is able to bind to and
activate CDK2, the truncated cyclin E forms were made using an in vitro transcription translation
kit. The in vitro synthesized cyclin E forms were mixéd with 157 cell extracts, and
immunoprecipitated using the anti ﬂag antibody. Western blot analysis with CDK2 antibody
confirm binding by all of the trunk forms to CDK2 (Fig 15). This binding affinity is however seen
to decrease as .the truncation gets shorter, up to the cyclin box. The CDK2 associated catalytic
activity.was measured using an H1 kinase assay (Fig 15). The kinase activity also decreased along
with the shorter truncated forms. This is probably not due to reduced activity due to the trunks,
but rather the lower amount of CDK2 which is bound to the shorter trunk forms (Fig 15). Trunk
10 however shows CDK2 binding, but is completely inactive. This suggests an important role of |
the region of cycliﬁ E between amino acids 65 and 11‘6 in CDK2 activation, which is separate from
its binding capacity. A recent study has shown that 2 sets of amino acids, 64-67 and 108¥1 10, are
crucial for CDK2 activation by cyclin E (34). These amino acids fall directly with in the region
which is deleted in trunk 10, but not trunk 6. This region might be involved in CDK2 activation,
phosphorylation (66), or substrate recognition, which we are currently examining. This data gives
evidence that the endogenous truncated cyclin E forms are catalytically active, since most fall
between trunk 1 and trunk 6. The greater overall CDK2 activity would give-the tumor cells which
express these forms a growth advantage at the G1-S checkpoint, and throughout the rest of the cell
cycle.

To determine the kinetics of the generation of the lower molecular weigh forms over several
time points in vivo, we transfected 157 and 10A cells with the fﬁll length Trunk 1 and L1 forms of
Cyclin E and harvested cells at the indicated time points (Fig 16). The maximum level of

expression seems to peak between 12 and 24 hours, and then drops down steadily afterwards.
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This is likely due to the transient plasmid being lost over time. There was no change in the levels
of the isoforms and the full length with respect to each other, indicating that they are either
generated together by translation differences, or that there is a constant level of both production of
the full length and the processing into the lower forms. Again, notice the processing difference of
cyclin E between the 2 cell lines over the time points, providing evidence for the ability of tumor
but not noﬁnal cells to process cyclin E. -
Based on the above studies the region of cyclin E suspected of containing a proteolytic site
was determined by making targeted amino-terminal deletions in the protein sequence (Fig 17).
Plasmid vectors were mutated using oligonucleotides containing the amino-terminal deletion to
PCR amplify a domain which was then cloned, sequenced and substituted into tﬁe wild type cyclin
“E/Flag expression vector (pcDNA 3.1) using restriction endonuclease sites. The Flag epitope tag
was previously added to the carboxy-terminus of cyclin E (Fig 17) These plasmids were
transiently expressed in normal cells and tumor cells (Fig 18). The Flég epitope-tagged truncated
proteins were examined by western blot where only the transfected forms of Flag-epitope tagged
cyclin E is détected with antibody specific for the Flag peptide. Since splicing of the mRNA from
the transfected plasmid is not expected, the altered forms of cyclin E detected by western blot
would have to be generated by post-translational processing as described above The region of
cyclin E where proteolyic processing occurs was narrowed with a series of truncated versions ’of
cyclin E (Fig 18). These truncated versions of cyclin E show two important things. One, the
transfected forms are all expressed and processed in the tumor cell line similarly. Two, a doublet
formed when cyclin E is processed in the tumor cells is found very near to the amino-terminus of
the Trunk 6 version of cyclin E. We attacked this doublet by making block deletions of six amino
acids in the region just 3’ of the start codon for the Trunk 6 amino terminus. . The results from
these deletions show that the two proteolytically sensitive sites exist within a ten amino-acid stretch
of cyclin E (data not shown). To define the exact amino acids involved in the processing, a series

of serial alanine substitutions (alanine scan) are currently being prepared in a plasmid expression
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vector. The results from these transient transfections will pinpoint the amino acids essential for the

proteolytic processing of cyclin E found in tumor cells.

Role of p21/p27 in G1/S checkpoint control in normal and tumor cells. The 3rd and
4th aims of the study deal with the interplay of the negative cell cycle regulators, p21 and p27, on
the overexpression of cyclin E which ‘leads to G1/S checkpoint deregulation in tumor cells. We
have made significant strides on these two aims which have resulted in three manuscripts, one
published, and two submitted. Since I have enclosed copies of these manuscripts in the Appendix I
will only summarize the results of these three studies in the following paragraphs.

In the first study entitled “Lovastatin Mediated G1 Arrest in Normal and Tumor Breast
Cells is Through Inhibition of CDK2 Activity and Redistribution of p21 and p27, Independent of
p53” we have investigated the nature of the CKIs (p21 and p27) alterations resulting in G1 arrest in
both normal and tumor breast cell lines by lovastatin. We show that even though lovastatin
treatment causes G1 arrest in a wide variety of normal and tumor breast cells irrespéctive of their
p53 or pRb status, the p21 and p27 protein levels are not increased in all cell lines treated
suggesting that the increasé in p21 and p27 protein expression per se is not necessary for lovastatin
mediated G1 arrest. However, the binding of p21 and p27 to CDK2 increases significantly
following treatment of cells with lovastatin leading to inhibition of CDK2 activity and a subsequent
arrest of cells in G1. The increased CKI binding to CDK2 is achieved by the redistribution of both
p21 and p27 from CDK4 to CDK2 complexes subsequent to decreaseé in CDK4 and cyclin D3
expression following lovastatin treatment. Lastly, we show that lovastatin treatment of 76N-E6
breast cell line with an altered p53 pathway also results in G1 arrest and similar redistribution of
CKIs from CDK4 to CDK2 as observed in other breast cell lines examined. These observations
suggest that lovastatin induced G1 arrest of breast cell lines is through a p53 independent pathway
and is mediated by decreased CDK2 activity through redistribution of CKIs from CDK4 to CDK2.

In the second study enﬁtled "Lovastatin induction of CKI.s (p21 and p27) and meyalonate

reversal of lactacystin are both through modulation of the proteasome, independent of HMG-CoA .
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reductase” we show that the mechanism of lovastatin mediated stabilization of p21 and p27 may be
due to a previously unknown function of the pro-drug, B-lactone ring form of lovastatin to inhibit
| tfle proteasome degradation'of these CKIs. We show that lovastatin pro-drug (20% of the
lovastatin mixture) inﬁibits the 20S proteasome but does not inhibit HMG-CoA reductase. In
addition, many of the properties of prdteasome inhibition by the pro-drug are the same as the
specific proteasome inhibitor lactacystin. Lastly, mevalonate (used to rescue cells from lovastatin
arrest) unexpectedly reverses the lactacystin inhibition of the proteasome. Mevalonate increases the
activity of the proteasome, which could result in degradation of the CKIs causing the release of
lovastatin- and lactacystin-arrested cells.

In the third study entitled "UCN-01 Mediated G1 Arrest in Normal But Not Tumor Breast
Cells is pRb Dependent and p53 Independent”, we pharmacologically assessed how alteratioﬁ of
G1/S checkpoint could lead to repbnse to inducers of G1 arrest in tumor cells.‘ In this study we
investigated the growth inhibitoryl affects of UCN-01 in several normal and tumor-derived human

 breast epithelial cells. We found that while normal mammary epithelial cells were very sensitive to
UCN-01 with an IC50 of 10 nM, tumor cells displayed little to no inhibition of growth with any

measurable IC5( at low UCN-QI concentrations (i.e. 0-80nM). The UCN-01 treated normal cells

arrested in G1 phase and displayed decreased expression of most key cell cycle regulators
examined, resulting in inhibition of CDK2 activity due to increased binding of p27 to CDK2.
Tumor cells on the other haﬁd displayed no change in any cell cjzcle distribution or expression of
cell cycle regulators. Examination of E6 and E7 derived strains of normal cells revealed that pRb
and not p53 function is essential for UCN-01 mediated G1 arrest. Lastly, treatment of normal and
tumor cells with high doses of UCN-01 (i.e. 300 hM) revealed a necessary role for a functional G1
checkpoint in mediating growth arrest. Normal cells, which have a functional G1 checkpoint,
always arrest in G1 even at very high concentrations of UCN-01. Tumor cells on the other hand
have a defective G1 checkpoint and only arrest in S phase with high concentrations of UCN-01.
The effect of UCN-01 on the cell cycle is thus quite different from staurosporine, a structural

analogue of UCN-01, which arrests normal cells in both G1 and G2, while tumor cells arrest only
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in the G2 phase of the cell cycle. Our results show the different sensitivity to UCN-01 of normal
compared to tumor cells is dependent on a functional pRb and a regulated G1 checkpoint.

)
7: Conclusions:

As evident we have made significant strides in completing all the proposed aims. In fact
not only all the aims are either completed or near completion, we have surpassed most of them.
The first aim of our studies, use of cyclin E antibody as a diagnostic prognostic marker for breast

cancer is completed and we summarized most of the data in the last annual report. We are currently
waiting to complete the 5-year survival statistics from the patients from whorh we ekamjned cyclin
E expression. Somé of these patients'-were diagnosed with the disease less than 5 years ago, and
their 5 years mark will be reached in the spring of 1999, at which point we will update our statistic
data. In the original application we intended to examine only 150 patients, however we have
surpassed our initial goal of collecting and extracting 150 tissue samples per year by increasing this
number to 550 samples. We also have completed our analysis of cyclin E and other tumor markers
not stated on the grant application by Western blot analysis and have obtained all the pertinent
- clinical information on each patient and have correlated cyclin E alteration to patient outcome. We
will complete this aim by submitting our final manuscript for publication soon after compiling the
final statistical data. We anticipate this task to be done by fall of 1999. The second Aim of the
applicaﬁon deals with utilizing the deletional mutations of cyclin E to detect early metastatic breast
cancer. We have documented\ (35) that these truncated forms of cyclin E are not deletional
mutations and are in fact splicing variants of cyclin E found in normal and tumor cells and tissue
samples. As outlined abové, we have made several key observations as to what the lower
molecular weight forms are and we anticipate that in the coming year we will have concluded this
aim. The last two aims of our proposal are also near completion as we have addressed how
induction of the CKlIs by lovastatin can lead to growth inhibition in tumor cells, even in the
presence of high levels of cyclin E. We anticipate that in the last year of this application we will

finalize and publish these studies.
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Appendix

We are including 19 figures, and their figure legends. We are also including reprints and copies of
3 manuscripts which are a result of the last two aims of our grant
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Figure 1. Western blot analysis showing an altered cyclin E expression in tumor cells.
Whole cell lysates were extracted from 10 breast cancer tissues as well as 76N normal
and MDA-MB-157 tumor cell lines. Breast cancer types and tumor stages are: lane 1,
ductal carcinoma in situ (DCIS); lane 2, stage 1 DCIS; lane 3, stage 1 DCIS; lane 4, stage
4 invasive ductal carcinoma (metastasis to Omentum); lane 5, stage4 invasive ductal
carcinoma (metastasis to Omentum); lane 6, stage 2 DCIS; lane 7, stage 1 DCIS; lane 8,
stage 4 invasive ductal carcinoma (metastasis to ovaries); lane 9, stage 3 invasive ductal
carcinoma (no metastasis); lane 10, stage 2 DCIS. Protein extracts were loaded 50 ug per
lane and probed with affinity purified anti-cyclin E monoclonal antibody.
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Figure 3

Northern blot of total RNA extracted from various human
breast cell lines. The normal cell strain is 76N and normal
immortal cell line is MCF 10A. Other cell lines shown are
tumor derived. Left panel: 10 ug of total RNA was
electrophoresed, transferred to nylon membrane, probed with a
32P-labled cDNA probe and exposed to X-ray film. The tumor
cell line MDA MB 157 overexpresses cyclin E mRNA and was
loaded at 1 ug in the panels on the right. As labeled, the
Northern blots were probed with either cyclin E or actin.
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Figure 4.

Quantitation of cyclin E mRNA in MDA MB 157 human breast
tumor cell line with the RNAse protection assay. 32P-labeled
antisense RNA probes from the regions shown above were
hybridized to 5 and 10 pg total RNA isolated from tissue culture
cells. After digestion with RNAse, the protected double
stranded RNA was electrophoresed on 5% TBE acrylamide gels.
The gel was dried on 3MM paper, exposed to X-ray film and the
labeled bands excised and the Cerenkov counts determined. A
standard curve using full length cyclin E mRNA synthesized in
vitro was used to calculate the pmol per cell which was
converted into copies per cell as shown.



Cell Lines Probe 3B Actin
Copies per cell Copies per cell

76N 31+04 3400+ 10
MCF-10A 22+1.1 4200 + 300
MDA-MB-157 435+2.1 2400 = 10
MDA-MB-231 36+1.3 4100 £ 300
MDA-MB-436 83+14 6300 £ 60
ZR75T 09+05 3100 + 200
MCF-7 1.0£0.6 2200 + 200

Figure 5: RPA quantitation of cyclin E mRNA in normal and tumor breast cell lines.
The total RNA from various human breast normal and tumor cell lines was analyzed by
the RNAse protection assay. The probe 3B was used to quantitate the amount of cyclin E
"mRNA present in the various cell lines. Actin is used as a control and for comparison.
Cyclin E message is at very low copy number per cell.
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Figure 6.

Southern blot analysis to detect cyclin E cDNA variants in an
RT-PCR plasmid library. RT-PCR was performed on normal
and tumor total RNA using 3’ an 5’ flanking oligonucleotides to
the known cyclin E cDNA sequence. The resulting PCR
products which represent the cyclin E mRNA species present in
the total RNA were ligated into the plasmid pCR II and
electroporated into the E. coli strain DH10B. The
transformants were plated at single colony density and filter
lifts were probed with a 32P-labeled cDNA probe to cyclin E.
Plasmid preps to positive colonies were prepared, digested with
Sau 3A, electrophoresed on 5% TBE acrylamide gels,
transferred to nylon membrane and probed with a 32P-labeled
cDNA. The Southern blots were exposed to X-ray film. The
new cDNA containing the delta 9 and delta 148 splice variations
was sequenced to confirm its identity.
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Figure 7.

Immuno-affinity purification of cyclin E from the human breast tumor cell line
MDA-MB-157. The affinity column was prepared by cross-linking a
polyclonal antibody (reactive to a carboxy-terminal peptide) to protein A
sepharose. Cell extracts were prepared from tissue culture cells by sonication
and ultracentrifugation as described. 8 mg of extract was incubated with the
affinity resin overnight at 40 C. The ﬂow through was collected and the
column washed with a series of buffers (1-4) and then eluted with 0.1 M
glycine pH 4.0. A representative volume from each fraction was boiled in
reducing sample buffer and analyzed by SDS PAGE and cyclin E Western
blot. The Western blot was visualized on X-ray film with ECL
chemiluminescence.
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Figure 8.

Silver stained SDS PAGE gel showing cyclin E and associated
proteins purified on an polyclonal antibody affinity column.
Cyclin E eluted from the anti-cyclin E affinity column was
concentrated by centrifugation on a Centricon 10 concentrator
boiled in reducing sample buffer, separated by SDS PAGE and
silver stained. The bands labeled in the figure were identified by
MALDI TOF mass spectrometry. Cyclin E and cdk2 were
confirmed by western blot of a small portion of the band cut
from the silver stained gel. Bovine serum albumin (BSA) was
electrophoresed at the shown concentrations for comparison.
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Figure 9. ‘
Mass spectrometry analysis of the cdk2 band from a silver
stained gel. After purification of cyclin E from MDA MB 157
cell extracts as described in Fig 7, the band identified as cdk2 by
Western blotting was prepared for in gel trypsin digestion. The
tryptic peptides were extracted with acetonitrile and prepared
for MALDI TOF analysis. The major peaks identified all
correspond to cdk2 when compared to the available databases
through Protein Prospector via the internet. Cdk2 peaks are
identified with a star. Unlabeled peaks correspond to trypsin
self-digestion products.
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Trunk 1: 411 amino acids, 47.0 kDa
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Figure 10. The wild type and truncated cyclin E forms to be used for transfection. L1
represents the published full length cyclin E form found in the cells. The other trunks
were constructed by creating N terminal deletions of the wild type cylin E protein. Trunk1
contains a portion of the 5' untranslated region up to an upstream ATG. The cyclin box
is the portion of cyclin E which binds to CDK2. FLAG is a C terminal immunogenic
peptide sequence to the FLAG antibody. All of these genes have been cloned into the
expression vector pPCDNAS.1 under the control of a CMV promotor.




Cell line No DNA GFP vector
MDA-MB-157 0.8% 55%
MCF-10A : 1.6% 68%

Figure 11: Flow cytometric analysis of green fluorescent protein expression of transfected cells.
MDA-MB-157 cells were transfected at 0.3 mV with either no DNA or 40 pg of plasmid. MCF-10A cells
were transfected at 0.33 mV with either no DNA of 40 ng of plasmid. All cells were electrophoreses in a
0.4 cm gap cuvette at a 960 uF capacitance with 1 X 107 cells in a volume of 500 pl of media. The
percentages represent percentage of cells expressing green flourescent protein.
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Figure 12. Normal vs Tumor expression of FLAG cyclin E. MDA-MB-157 cells were transfected
with both Trunk 1 and L1 cyclin E at 0.3 kV with 40 ug of DNA at 960 uF capacitance with
1x1077 cells in 0.5 mis of media. MCF-10A cells were transfected with both Trunk1 and L1
cyclin E at 0.33 kV with 40 ug of DNA at 960 uF capaticance with 1x1077 cells in 0.5 mls of
media. Cells were harvested 48 hours post transfection, lysed, and 50 ug of protein were run
on a 10% SDS acrylamide gel. Blots were blocked 24 hours, washed with TBST, probed with
primary (A) cyclin E monoclonal and (B) FLAG polyclonal antibodies for 2 hours, washed with
TBST, probed with secondary antibody for 1 hour washed with TBST, and developed using the
Pierce chemiluminescence kit.
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Figure 13. In vitro expression of FLAG tagged truncated cyclin E forms. Protein was made using
the Promega in vitro TnT reticulocyte lysate kit. 1 ul of TnT reaction was loaded on a 10% SDS
acrylamide gel. Blots were blocked 24 hours, washed with TBST, probed with primary (A) cyclin E
monoclonal, (B) FLAG monnoclonal, or (C) FLAG polyclonal antibodies for 2 hours, washed with
TBST, probed with secondary antlbody for 1 hour, washed with TBST, and developed using the
Pierce chemiluminscence kit.
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Figure 14. Expression of FLAG tagged truncated cyclin E forms in normal vs tumor cells.
MDA-MB-157 cells were transfected with truncated forms of cyclin E at 0.3 kV with 40 ug of

DNA at 960 uF capacitance with 1x10/7 cells in 0.5 mls of media. MCF-10A cells were
transfected with truncated forms of cyclin E at 0.33 kV with 40 ug of DNA at 960 uF capaticance
with 1x10/7 cells in 0.5 mis of media. Cells were harvested 48 hours post transfection, lysed, and
50 ug of protein were run on a 10% SDS acrylamide gel. Blots were blocked 24 hours, washed
with TBST, probed with primary (A, C) cyclin E monoclonal and (B, D) FLAG polyclonal antibodies
for 2 hours, washed with TBST, probed with secondary antibody for 1 hour, washed with TBST,
and developed using the Pierce chemiluminescence kit.
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Figure 15 In vitro synthesized cyclin E trunk forms mixed with MDA-MB-157 cell

extracts" overnight. Immunoprecipitations were performed on samples using the

anti-FLAG antibody. (A)'H1 kinase assays were performed on samples, and then run on a
12% SDS page gel, and exposed on film. (B) Samples were run on a 12% SDS page gel and
probed using the anti-CDK2 antibody. Densitometry was obatained using the Kodak
Biomax 1D system.
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Figure 16. Time course of expression of FLAG tagged cyclin E in normal and tumor cells.
MDA-MB-157 cells were transfected with both Trunk 1 and L1 cyclin E at 0.3 kV with 40 ug of

DNA at 960 uF capacitance with 1x10/7 cells in 0.5 mis of media. MCF-10A cells were transfected
with both Trunk1 and L1 cyclin E at 0.33 kV with 40 ug of DNA at 960 uF capaticance with 1x107
cells in 0.5 mls of media. Cells were harvested at 12, 24, 48, and 72 hours post transfection, lysed,
and 50 ug of protein were run on a 10% SDS acrylamide gel. Blots were blocked 24 hours, washed
with TBST, probed with primary (A, C) cyclin E monoclonal and (B, D) FLAG polyclonal antibodies
for 2 hours, washed with TBST, probed with secondary antibody for 1 hour, washed with TBST, and
developed using the Pierce chemiluminescence kit.
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Deletion analysis is used to locate the region of cyclin E
proteolytic processing. Processing of cyclin E occurs in every
truncated version of cyclin E except the smallest, Trunk 10.

The processing of cyclin E into a doublet occurs very near to
the amino terminus of Trunk 6. Three block deletions of 6
amino acids each were made in the cyclin E cDNA sequence just
downstream of the amino terminus of the Trunk 6 version of
cyclin E (see Fig 19). These block deletions are designated A, B
and C. These deletions were mutated into the cyclin E/Trunk
1/Flag eucaryotic expression vector and transiently transfected
into the tumor cell line MDA MB 157. Protein was extracted
and analyzed by SDS PAGE and the transfected proteins
detected by Western blot using an anti-Flag antibody. The
deletions of blocks A and B resulted in the loss of a single band
of the processed cyclin E which indicates the deletion of a
proteolytic domain. The gel pattern is consistent with the loss of
two potential proteolytic sites, one in block A and one in block
B. The deletion of block C only reduces the size of the protein
and indicates the C block deletion is downstream of the
proteolytic processing which occurs in the tumor cells.
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Figure 18.

Expression of amino-terminal truncated forms of cyclin E.
Amino-terminal deletions of cyclin E were prepared by site
directed mutagenesis using oligonucleotides and PCR. The
mutated forms of cyclin E were ligated into the eucaryotic
expression vector pPCDNA 3.1 and expressed in reticulocyte
lysate (top panel), transiently transfected into the normal cell
line MCF 10A (center panel) and transiently transfected into the
tumor cell line MDA MB 157. After transfection the cells were
lifted, sonicated and ultracentrifuged to obtain total soluble
protein extract. Two microliters of in vitro
transcribed/translated cyclin E in reticulocyte lysate was boiled
in reducing sample buffer and electrophoresed. 50 ug of cell
protein extract was boiled in reducing sample buffer and
electrophoresed. The electrophoresed protein was western
blotted and detected using an anti-FLAG polyclonal antibody
and ECL chemiluminescence.
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Lovastatin mediated G1 arrest in normal and tumor breast cells is through

inhibition of CDK2 activity and redistribution of p21 and p27, mdependent

of p53
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Previously, we reported that lovastatin, a potent inhibitor
of the enzyme HMG CoA reductase also acts as an
antimitogenic agent by arresting cells in the G1 phase of
the cell cycle resulting in cell cycle-independent altera-
tion of cyclin dependent kinase inhibitors (CKIs). In the
present study we have investigated the nature of the
CKIs (p21 and p27) alterations resulting in G1 arrest in
both normal and tumor breast cell lines by lovastatin.
We show that even though lovastatin treatment causes
G1 arrest in a wide variety of normal and tumor breast
cells irrespective of their p53 or pRb status, the p21 and
p27 protein levels are not increased in all cell lines
treated suggesting that the increase in p21 and p27

. protein expression per se is not necessary for lovastatin

mediated G1 arrest. However, the binding of p21 and
p27 to CDK2 increases significantly following treatment
of cells with lovastatin leading to inhibition of CDK2
activity and a subsequent arrest of cells in G1. The
increased CKI binding to CDK2 is achieved by the
redistribution of both p21 and p27 from CDK4 to CDK2
complexes subsequent to decreases in CDK4 and cyclin
D3 expression following lovastatin treatment. Lastly, we
show that lovastatin treatment of 76N-E6 breast cell line
with an altered pS3 pathway also results in G1 arrest and
similar redistribution of CKIs from CDK4 to CDK2 as
observed in other breast cell lines examined. These
observations suggest that lovastatin induced G1 arrest of
breast cell lines is through a p53 independent pathway
and is mediated by decreased CDK2 activity through
redistribution of CKIs from CDK4 to CDK2.

Keywords: lovastatin, cell cycle cyclins; CKIs; CDKs;
adaptor molecule

Introduction

The mammalian cell cycle, defined as a sequence of
events between two cell divisions, is positively regulated
by cyclins and cyclin dependent kinases (CDKs) which
associate to form hetrodimeric complexes (Sherr, 1994,
1996; Elledge et al., 1996; Nasmyth, 1996). Mitogenic
stimuli results in the phosphorylation and thereby
activation of cyclin-CDK complexes by CDK activat-
ing kinase, CAK (Fisher and Morgan, 1994; Makela et
al., 1994; Harper and Elledge, 1998). The activated
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cyclin/CDK complexes in turn sequentially phosphor-
ylate substrates such as the retinoblastoma protein
(pRb) throughout the cell cycle (Ewen et al., 1993a;
Matsushime et al., 1994; Sherr, 1996). Phosphorylation
of pRb which is necessary for the progression through
G1 is regulated primarily by cyclin D/CDK4/CDK6
complexes while the cyclin E/CDK2 complex regulates
the passage of cells from late Gl to S phase and
further contribute to pRb hyper-phosphorylation
(Sherr, 1994, 1996; Bartek et al., 1997). The hypo-
phosphorylated pRb serves as a tumor suppressor by
interacting with and inhibiting cellular proteins such as
E2F-DP heterodimeric transcription factors which
activate many genes required for DNA replication
pivotal for G1/S transition (Weinberg, 1995; Bartek et
al., 1996, 1997; Ikeda et al., 1996). The complete hyper-
phosphorylation of pRb by cyclin E/CDK2 complexes
and consequent activation of E2F-DP transcription
complex are thought to play a major role in
overcoming of the restriction point (Pardee, 1989;
Planas-Silva and Weinberg, 1997b). _
Progression through the cell cycle ~and the
restriction point is also negatively regulated through
the association with CDK inhibitors, CKIs (Elledge
and Harper, 1994; Sherr and Roberts, 1995; Harper
and Elledge, 1996; Harper, 1997). There are two
families of structurally distinct CKIs,
family which inhibit a broad range of CDKs by
selectively binding and inhibiting the fully associated
cyclin/CDK  complexes and the INK family which
bind specifically to CDK4 and/or CDK6 and inhibit
complex formation with cyclin D (Elledge et al., 1996;
Sherr, 1996; Harper, 1997). The CKI p21 (CIP1/

- WAF1), the first mammalian CKI to be identified was

SImultaneously characterized by several laboratories as
the major p53 inducible gene (WAF1) (El-Deiry et al.,
1993) as a CDK inhibitor protein (CIPl, p2l and
p20CAP1) (Gu et al., 1993; Harper et al., 1993; Xiong
et al., 1993) as a protein highly expressed in senescent
fibroblasts (SDI) (Noda et al., 1994), and as a
melanoma differentiation associated gene (mda 6)
(Jiang and Fisher, 1993). p27 (KIP1), similar in
amino acid sequence and inhibitory specificity to
p2l, was identified as a protein associated with
inactive cyclin E/CDK2 complexes in TGF-f1 treated
and contact inhibited cells (Polyak et al., 1994a,b), as
a protein that interacts with cyclin DI1/CDK4
complexes (Toyoshima and Hunter, 1994), and in
cells arrested in G1 (Hengst et al., 1994). Although
p21 is induced by p53 in response to DNA damage
resulting in CDK inhibition and Gl growth arrest
(Dulic et al., 1994), it can also be induced by p53

the CIP/KIP -
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independent mechanisms; by serum, PDGF and EGF
in embryonic fibroblasts from p53 knockout mice
(Michieli et al., 1994), by serum starvation in p53
mutant human breast carcinoma cells (Sheikh et al,
1994), by EGF in squamous carcinoma cells (Jakus
and Yeudall, 1996), by TGF-$1 in p53 mutant cells
(Elbendary et al., 1994; Datto et al., 1995; Reynis-
dottir et al., 1995) and by lovastatin in breast cancer
cells (Gray-Bablin et al, 1997). p27 is similarly
induced by lovastatin (Hengst et al., 1994; Hengst
and Reed, 1996; Gray-Bablin et al., 1997), by TGF-f1
(Polyak et al., 1994a), following cell to cell contact
inhibition, by rapamycin and by agents that induce
cAMP mediated growth arrest (Kato et al, 1994;
Nourse et al., 1994; Polyak et al., 1994b; Toyoshima
and Hunter, 1994). Hence, p21 and p27 may function
similarly to inhibit CDK activity and proliferation in
response to different environmental stimuli. Further-
more, removal by degradation/inactivation of p27 may
be necessary for proliferation (Pagano et al., 1995).

We and others have previously reported that
treatment of mammary epithelial cells or HeLa cells
by lovastatin results in the induction of p21 and p27 in
mammary cells (Gray-Bablin ez al., 1997) and p27 in
Hela cells (Hengst et al., 1994; Hengst and Reed,
1996). Lovastatin is an inhibitor of HMG COA
reductase which is the rate limiting enzyme of the
cholesterol biosynthesis pathway (Alberts et al., 1980).
Though lovastatin has been primarily prescribed for
patients with high cholesterol levels (Rettersol et al.,
1996) it has also been used as an effective agent in cell
synchronization for both tumor and normal cells
(Keyomarsi et al., 1991; Keyomarsi, 1996). The
inhibition of the cholesterol biosynthesis pathway by
lovastatin not only blocks mevalonate synthesis (the
product of HMG COA reductase) but also prevents the
farnesylation and geranylgeranylation (intermediate
products of the cholesterol pathway) of several signal
transduction proteins such as Ras, Rap and many G
proteins, thereby preventing their proper intracellular
localization and function (Goldstein and Brown, 1990;
Maltese, 1990). The induction of p2l and p27 by
lovastatin .in breast cancer cells seems to be
independent of the Ras pathway (Keyomarsi et al.,
1991). Furthermore, the lovastatin mediated CKI
induction is also through cell cycle independent
mechanisms, distinct from other G1 arresting agents/
conditions such as serum starvation or double
thymidine block (Gray-Bablin et al., 1997).

in this study, we have investigated the nature of
induction of p21 and p27 by lovastatin in both normal
and tumor-derived mammary epithelial cells. We show
that lovastatin is capable of inducing G1 arrest in both
normal and tumor breast cells. Furthermore, we
provide evidence that it is not the increase in protein
levels of the p21 and p27 per se, but the increase in the
binding of both p21 and p27 to CDK2 complexes and
the resulting decrease in activity of cyclin/CDK2
complexes that is essential for lovastatin mediated G1
arrest of normal and tumor cells. We also show that
the increased binding of CKIs to CDK2 correlates with
decreased CDK4 and cyclin D3 levels and the
subsequent release of p21 and p27 from the cyclin D/
CDK4 complex, providing evidence for the redistribu-
tion of both p21 and p27 under physiological
conditions in vivo. Lastly, we show that binding of

CKIs to CDK2 or the switching of partners: from
CDK4 to CDK2 following lovastatin treatment is
through a p53 independent pathway.

Results -

Lovastatin synchronizes a broad range of tumor and
normal breast cancer cells

" In order to determine whether lovastatin would have a

differential affect of Gl mediated arrest of normal
versus tumor breast cells, three normal and six tumor
cell lines were treated with lovastatin at the same dose
of duration (i.e. 40 uM for 36 h) (Table 1). The normal
cells examined were 76N and 70N (both mortal) and
MCF-10A (immortalized). The tumor cells used were
classified on their ability to express tumor suppressor
genes p53, pRb and estrogen receptor (ER). The ER
positive tumor cells are MCF-7, ZR75T, and T47D
and the ER negative tumor cells are MDA-MB-157,
MDA-MB-231 and Hs578T. In the ER positive group
all 3 tumor cell lines are also wild type for pRb and
p53, except for T47D, which has a p53 mutant
phenotype. In the ER negative group all three tumor
cell lines are negative for p53 and pRb except for
MDA-MB-157 which has a wild type pRb. However,
the pRb in these cells is expressed at very low levels
(see Figure 1) and is inactive because of high levels of
pl6 and overexpression of cyclin E (Keyomarsi et al.,
1995). pl6 has been shown to transcriptionally down
regulate pRb expression (Fang et al., 1998) while the
overexpression of cyclin E results in constitutive hyper-
phosphorylation of pRb rendering it inactive as a
tumor-suppressor (Gray-Bablin et al, 1996). In the
case of Hs578T, it too is pRb negative as published

Table 1 Cell cycle profiles of lovastatin treated normal and tumor
(RB and p53 positive and negative) breast cells

Lovastatin,
Cell lines 40pumh ER p53 pRb %Gl %S %G2
76N 0 - + + 56.6 12.1 313
36 72 12 27
MCF-10A 0 - + + 65 12 23
36 90 1.6 8.4
70N 0 - + + 60 13 27
36 78 1.2 21
MCF-7 0 + + + 77 11 12
36 82 4 14
ZR75T 0 + + + 67 19 14
36 85 6 9
T47D 0 + — + 73 13 14
36 86 4 10
Hs578T 0 - — - 62 16 20
36 83 5 12
MDA-MB-157 0 - — + 55 12 32
36 60 43 36
MDA-MB-231 0 - - - 54 22 24
36 80 7 13

Estrogen Receptor (ER), p53 and pRb status of cell lines were
determined previously (Gray-Bablin er al., 1996, and references
within). + indicates wild-type, — indicates mutant or deleted, +
indicates wild-type but functionally inactive (see text). Percentages of
cells in different phases of the cell cycle for each cell line following
lovastatin treatment were obtained from flow cytometric measure-
ments of DNA contents from three separate experiments and the
average of the values are indicated




previously (Gray-Bablin et al., 1996). In this cell line
the pRb protein, although expressed at very low levels
(Figure 1), is highly susceptible to degradation (data
not shown). Therefore, Hs578T, MDA-MB-231 and
MDA-MB-157 cell lines are considered functionally
pRDb negative as we previously described (Gray-Bablin
et al., 1996).

These studies revealed that lovastatin treatment for
36 h resulted in GI arrest in both tumor and normal
cell lines irrespective of their p53, pRb, or ER status
(Table 1). However, the percent S phase decrease may
be dependent on the expression of the aforementioned
proteins. For example, treatment of normal breast
epithelial cells with lovastatin resulted in the largest S
phase decrease (89%. drop from untreated cells) while
the S phase in p53/pRb/ER positive or negative cells
dropped by 68% from the wuntreated controls.
Furthermore, no changes in cell cycle distribution
were observed after 36 h in untreated control cultures
(data not shown). These observations suggest that
although lovastatin is capable of arresting both normal
and tumor cells in G1, the degree of synchronization is
more profound in normal cells. Next, we examined the
pattern of expression of key cell cycle regulators in
these three classes of cell lines following treatment of
cells with lovastatin (Figure 1).

Lovastatin treatment causes a decrease in the levels of
CDKH4 and cyclin D3 in both normal and tumor cells

To determine which key cell cycle regulators were
required for lovastatin mediated GI1 arrest, we
examined the expression of several positive and
negative cell cycle proteins in both normal and tumor
cells. A subset of the cell lines from Table 1 consisting
of two normal cell lines, 76N and MCF-10A, two
tumor cell lines which are p53, pRb and ER positive,
MCF-7, ZR75T and two tumor cell lines which are
pS53, pRb and ER negative, Hs578T and MDA-MB-
157 cell lines were analysed. The 76N and MCF-10A
cells were chosen as they represented normal cells
obtained from two different lineages, 76N cell lines are
normal mortal cells obtained from reduction mammo-
plasty while MCF-10A cell lines were immortalized
from normal breast epithelial cell strain, MCF-10, after
cultivation in medium containing low calcium concen-
trations (Soule et al., 1990).

All cells within each category were treated with
40 uM lovastatin for 36 h and at the indicated times
following treatment, cells were harvested and sub-
jected to Western blot analysis with antibodies to
p27, p21, pl6, pRb, p53, CDK2, CDK4, cyclin D1
and cyclin D3 (Figure 1). These analyses revealed that
the total protein levels of p21 and p27 were induced
significantly only in the cells with pRb/pS53/ER
negative status suggesting that lovastatin causes an
induction of these CKI’s through a p53 independent
mechanism. In p53 and pRb positive cells (MCF-7
and ZR75T) the basal levels of p21 and p27 were
very high and no subsequent increase in these CKI’s
were seen when examining total protein levels.

Normal cells on the other hand show an increase in
p27 but a decrease in p2l following lovastatin
treatment. The p27 levels accumulate by sixfold in
MCF-10A cells and 2.5-fold in 76N cells reproduci-
bly. INK CKI, pl6 was expressed only in MDA-MB-
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Figure 1 Expression of positive and negative cell cycle regulators
in normal and tumor breast cells following lovastatin treatment.
All cells were cultured in medium containing 40 uM lovastatin. At
the indicated times following treatment cells were harvested, cell
lysates prepared and subjected to Western blot analysis: 50 ug of
protein extract from each condition was analysed by Western blot
analysis with the indicated antibodies or actin used for equal
loading. The blots were developed by chemiluminescence reagents.
The same blots were sequentially hybridized with different
antibodies (see Materials and methods). The blots were stripped
between the antibodies in 100 mM 2-mercaptoethanol, 62.5 mm
Tris-HCI (pH 6.8), and 2% SDS for 10 min at 55°C

157 cells and its levels did not change following
lovastatin treatment. :

The levels of p53 and pRb tumor suppressor protein
decreased in both normal and ER/p53/pRb positive
tumor cell lines. The simultaneous decrease in p53 and
p21 in normal cells suggest that in normal cells p21
expression may be strongly influenced by p53. A
similar decrease in p2l is not noticed in pS3 positive
tumor cell lines (MCF-7 and ZR75T) even though p53
levels decreased, suggesting that the p53-p21 pathway
in these tumor cell lines is not as tightly controlled as
seen in normal. Analysis of cyclins and CDKs revealed
that following lovastatin treatment CDK4 and cyclin
D3 protein levels decreased in all cell lines while cyclin
D1 and CDK2 levels remained relatively unchanged.
Collectively these results reveal that the only cell cycle
regulators which consistently decrease in response to
lovastatin are CDK4 and cyclin D3. Furthermore, the
increases of p21 and p27 at the protein levels were only
apparent in ER/p53/pRb negative cell tumor cell lines
and were not universally observed in lovastatin induced
G1 arrest which occurred in all cells regardless of their
p53 or pRb status (Table 1). Lastly, the arrest of
MDA-MB 157 and Hs578T cells which are p53 and
pRb negative implies that the activity of the tumor
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suppressors is not required for lovastatin mediated G1
arrest. This analysis raised the question if and how p21
and p27 could play a role in lovastatin mediated Gl
arrest and how the decrease in the CDK4 and cyclin
D3 in response to lovastatin could contribute to this
arrest?

Inactive cyclin CDK2 complexes in lovastatin treated
cells are due to increased p21 and p27 binding

A likely explanation for lovastatin mediated G1 arrest
in the different cell types is that lovastatin treatment of
cells results in the inhibition of CDK2 activity which is
necessary for cells to overcome the restriction point in
the G1 phase of the cell cycle. In order to examine the
kinase activity associated with CDK2 in normal and
tumor cells, we measured the phosphorylation of
histone HIl in immunoprecipitates prepared from
lovastatin treated cells using an antibody to CDK2
(Figure 2a). This analysis revealed that treatment of all
cells by lovastatin resulted in a rapid decrease of
CDK2 activity and by 36 h, the time when G1 arrest
fully manifests itself in cells, the level of CDK2 activity
reaches its nadir in all cells examined. These data
suggest that lovastatin mediated G1 arrest results in
lowered CDK2 activity in all cells regardless their p53,
pRb, normal or tumor status.

To determine if the decreased activity of the CDK2
is due to its association with CKlIs, a two step
experiment consisting of an immunoprecipitation with
anti-CDK2 antibody followed by Western blot analysis
with p21 or p27 was performed (Figure 2b). These
analyses revealed that the decreased CDK2 activity
observed (Figure 2a) was concomitant with increased
binding of p27 to CDK2 in all normal and tumor cell
lines treated with lovastatin. Furthermore, all tumor
cell lines treated with lovastatin exhibited increased
binding of p21 to CDK2 as well. In normal cells
however, not only were the p21 total protein levels
decreased by lovastatin treatment (Figure 1), but the
binding of p21 to €DK2 also decredsed (Figure 2b),
despite complete inhibition of the CDK2 activity
(Figure 2a). Collectively these results suggest that the
G1 arrest induced by lovastatin is concomitant with
decreased activity of CDK2 mediated by increased
binding of p27 (in all cells) and p21 (only in tumor
cells) to CDK2. Interestingly, MCF-7 and ZR75T
which exhibited no increases in p21 or p27 expression
(Figure 1) revealed a clear increase in binding of both
these CKIs to CDK2 (Figure 2b). These observations
raise the question that if the total levels of p21 and p27
are not induced by lovastatin (Figure 1) what accounts
for the increased binding of these inhibitors to CDK2
in MCF-7 and ZR75T cells (Figure 2b)?

Lovastatin treatment causes the CKIs to switch from
binding to CDK4 to CDK2

It has been proposed that cyclin D/CDK4 complexes
play a critical role in titrating p21 and p27 by binding
to them, resulting in decreased amounts of p21 and p27
which would otherwise bind to and inhibit cyclin/
CDK2 complex activity (LaBaer et al., 1997). At low
concentrations, the binding of p21 and p27 to CDK4
will not inhibit cyclin D/CDK4 activity but rather
promote efficient binding of cyclin D with CDK4, and
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Figure 2 Lovastatin treatment reduces CDK2 activity by
increased p21 and p27 binding. All cells were cultured in
medium containing 40 uM lovastatin. At the indicated times
following treatment cells were harvested, cell lysates prepared and
subjected to (a) Histone HI kinase analysis or (b) Immune-
complex formation. For kinase activity, equal amounts of protein
(300 ug) from cell lysates were prepared from each cell line at the
indicated times following lovastatin treatment and immunopreci-
pitated with anti-CDK?2 antibody (polyclonal) coupled to protein
A beads using histone H1 as substrate. For each cell line we show
the resulting autoradiogram of the histone H1 SDS—~PAGE and
the quantitation of the histone H1 associated kinase activities by
scintillation counting. For immunoprecipitation followed by
Western blot analysis, equal amounts of protein (300 ug) from
cell lysate prepared from each cell lines were immunoprecipitated
with anti-CDK2 (polyclonal) coupled to protein A beads and the
immunoprecipitates were subjected to Western blot analysis with
the indicated antibodies

as such function as adaptor molecules (LaBaer et al.,
1997). Since lovastatin causes the synchronization of
cells apparently by increasing binding of p21 (tumor
cells) and p27:(normal and tumor cells) to CDK2
complexes, it can be hypothesized that this increased
binding ‘of CKI's to CDK2 may be due to the
switching of the CKI's from CDK4 to CDK2,
mediated by lovastatin. To test this hypothesis and to
examine this adaptor molecule theory we examined the
association of p2l and p27 to CDK4 following
lovastatin treatment (Figure 3). Our results clearly
demonstrate that in untreated normal and ER/p53/pRb
positive tumor cells, p21 and p27 bind to CDK4, and
upon treatment with lovastatin, both p21 and p27 are
released from CDK4 in a time dependent fashion
(Figure 3) which corresponds to their binding (i.e.




switching partners) to CDK2 (Figure 2b). The
apparent increase in p27 levels observed in 76N cells
following lovastatin treatment seems to be the primary
event leading to CDK2 inactivation; primary to
redistribution of p27 from CDK4 to CDK2. How-
ever, in MCF-7 and ZR75T cells, where no detectable
increase in the levels of p21 and p27 following
lovastatin treatment is observed, the switching of
these CKIs from CDK4 to CDK2 occurs concomi-
tantly with decrease in CDK2 activity, suggesting that
in these ER/p53/pRb positive tumor cells the p21 and
p27 switch from CDK4 to CDK2 is the primary event
leading to CDK2 inactivation. In both sets of cell lines
we show that lovastatin creates a signal for these CKIs
to switch partners from CDK4 to CDK2 and such
switching of partners is concurrent with G1 arrest. The
signal that initiates the switching may be the decrease
in CDK4 and cyclin D3 protein levels observed in all
cells examined following treatment with lovastatin
(Figure 1).

The p53/pRb/ER negative tumor cell lines reveal a
different pattern of CKI/CDK4 binding than either the
normal cells or the p53/pRb/ER positive tumor cell
lines (Figure 3). MDA-MB-157 cells which have very
low levels of p21 and p27 show no binding of these
proteins to CDK4. In fact CDK4 is bound to pl6
which is expressed in high quantities in this cell line
and can titrate and thus prevent any CDK4 complex
formation with p21 or p27. In the Hs578T cell line
which do not express detectable pl6 levels, CDK4 is
not titrated and binds only to p27 in untreated cells
and treatment of cells with lovastatin decreases the
binding of p27 to CDK4. Collectively, these observa-
tions support the validity of the adaptor molecule
theory where p21 and p27 switch partners from CDK4
to CDK2 specifically for ER/p53/pRb positive cells
which have endogenously high levels of p21 and p27.
Furthermore, the decreased binding of the CKIs to
CDK4 also suggest that lovastatin affects the cellular
pathways that provide the switching signal for CKIs to
redistribute from cyclin/CDK4 complex to cyclin/
CDK2 complexes.

MCF-10A  MCF-7  MDA-MB-157 T6N ZR75T Hs578T
o122 3]0 12263 [0 1224 3% [ |o 1224 3]0 122436 | 0 122435]

COKalp27 S . o -

CDKarp2t

COKdlp16

COK4(Cyc D3 s e e WY

[

CDK4/CDK4 o v e G D e 2 s W

Figure 3 Redistribution of p21 and p27 from CDK4 to CDK2
following lovastatin treatment. All cells were cultured in medium
containing 40 uM lovastatin. At the indicated times following
treatment cells were harvested, cell lysates prepared and subjected
to Immune-complex formation. Equal amounts of protein
(300 ug) from cell lysate prepared from each cell line was
immunoprecipitated with anti-CDK4 (polyclonal) coupled to
protein A beads and the immunoprecipitates were subjected to
Western blot analysis with the indicated antibodies
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CDK?2 is completely sequestered by p21 and p27
following lovastatin treatment

To determine whether the increased binding of p21 and
p27 to CDK2 is sufficient to inactivate CDK2, we
examined the proportion of CDK2 bound to p21 and
p27 following lovastatin treatment. For these experi-
ments MCF-7 and ZR75T cell lines were chosen as the
basal levels p21 and p27 are very high in these cell lines
(Figure 1) and treatment with lovastatin results in
increased binding of both CKIs to CDK2 (Figure 2).
To evaluate the proportion of CDK2 in complex with
p2l and p27 we immunodepleted cell extracts with
anti-p21 and anti-p27 antibodies. These extracts were
prepared from both cell lines before and after
lovastatin treatment. Following immunodepletion, the
final supernatant was subjected to Western blot
analysis with antibodies to p21, p27, CDK2, CDK4
and actin (Figure 4). These results revealed that upon
immunodepletion of cells of p21 and p27, there is little
or no CDK2 present following lovastatin treatment.
CDK4 levels were also not detectable following p21
and p27 immunodepletion in lovastatin treated cells
(Figure 4) partly due to the decrease in total CDK4

MCF-7 ZR75T

Lovastatin,40um - - + + - - + +
ap21-antibody - + - + - + - +
ap27-antibody - + - + - + - +

p21 --® o =

I

p27

CDK2

CDK4

Actin

Figure 4 Immunodepletion of p21 and p27 in lovastatin treated
cells also depletes the cells of CDK2. Cells were cultured in
medium 40 um lovastatin for 0 and 36 h. Following treatment
cells were harvested, cell extracts prepared and immunodepleted
with antibodies against p21 and p27. Following three rounds of
immunodepletion with anti-p21 and anti-p27 coupled to protein
A beads, or protein A beads alone, the remaining supernatant
(50 ugflane) were subjected to Western blot analysis with the
indicated antibodies
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levels following treatment (Figure 1). Hence, upon
lovastatin treatment, CDK4 levels decrease, p21 and
p27 levels do not change yet their binding to CDK2
increase, and CDK2 activity greatly declines. Further-
more lovastatin results in sequestering of CDK2 by
these CKIs suggesting that p21 and p27 alone will
inhibit CDK2 activity. These observations also suggest
that the amounts of p21 and p27 released from CDK4
complexes in lovastatin treated cells is sufficient to
block the CDK2 activity in these cells.

Lovastatin mediated G1 arrest is through a p53
independent pathway

To directly examine the role of p53 in the Gl arrest
induced by lovastatin in breast epithelial cells, we
investigated perturbation of the cell cycle by lovastatin
in 76N cells transformed by the human papilloma virus
E6 (76N-E6) (Band et al., 1991). Initially, we examined
the expression of key cell cycle regulatory proteins in
76N-E6 as compared to 76N parental cell line (Figure
Sb, right panel). This analysis showed that aside from
lack of expression of p53 and p21 in 76N-E6 cell line,
the other cell cycle regulatory proteins are similarly
expressed between 76N-E6 and the parental 76N cells.
Next, to examine the effects of lovastatin on 76N-E6
cells we treated them with 40 uM lovastatin for 36 h.
Such treatment resulted in a G1 arrest of 76N-E6 cells
despite the absence of p53 (Figure 5a). At the indicated
times following treatment, cells were harvested and
subjected to Western blot analysis with antibodies to
key cell cycle regulators (Figure 5b). These analyses
reveal that as expected the cells did not express any p53
due to its rapid degradation by the transfected E6
oncogene. However, both p27 and p21 levels were
induced following lovastatin treatment (Figure 5b)
which is unlike what was observed in the 76N parental
p53 wild-type cells (Figure 1) or HeLa cells where only
p27 was shown to be induced by lovastatin (Hengst et
al., 1994; Hengst and Reed, 1996). These results
suggest that the elimination of p53 in 76N-E6 cells
results in induction of p21 by lovastatin through a p53
independent mechanism and that p53 expression is not
critical for lovastatin mediated G1 arrest.

All the other cell cycle regulatory proteins examined
in 76N-E6 cells revealed a similar pattern of alteration
following lovastatin treatment as observed in normal
76N cells (Figure 1); i.e. the expression of hyperphos-
phorylated pRb, CDK4 and cyclin D3 decreased
rapidly and significantly in response to lovastatin
while the levels of CDK2 and cyclin DI remain
relatively unchanged (Figure 5b). Similarly, CDK2
activity also decreased profoundly in 76N-E6 cells
following lovastatin treatment and G1 arrest (Figure
5c). We also examined the association of p21 and p27
with CDK2 following lovastatin treatment and found
that the binding of both p2l and p27 to CDK2
increased significantly during the course of lovastatin
treatment, suggesting that p2l1 and p27 are indeed
acting as inhibitors of CDK2 leading to Gl arrest in
76N-E6 cells independent of p53 (Figure 5d). Lastly,
we examined the association of p21 and p27 with
CDK4 following lovastatin treatment and found that
in untreated 76N-E6 cells both p21 and p27 bind to
CDK4 only to redistribute from CDK4 to CDK2 upon
treatment with lovastatin (Figure S5¢). These results
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Figure 5 Induction of CKIs in 76N-E6 cells following lovastatin
mediated GI arrest. 76N-E6 cells treated with 40 uM lovastatin. At
the indicated times following treatment cells were harvested and
subjected to (a) Flow cytometry. Percentages of cells in different
phases of the cell cycle for 76N-E6 were determined from flow
cytometric measurements of DNA content. (b) Western blot
analysis. Fifty pg of protein extracts from each condition was
analysed by Western blot analysis with the indicated antibodies or
actin used for equal loading and the blots were developed using the
chemiluminescence reagents. The right panel shows Western blot
analysis using cell extracts from untreated 76N parental and 76N-
E6 cell lines on the same blot with identical exposure times. (c)
Histone HI kinase analysis. Equal amounts of protein (300 ug)
from cell lysates were prepared at the indicated times following
lovastatin treatment and immunoprecipitated with anti-CDK2
antibody (polyclonal) coupled to protein A beads using histone H1
as substrate. The autoradiogram of the histone H1 SDS—-PAGE
and the quantitation of the histone H1 associated kinase activities
by scintillation counting are presented. (d) CDK2 Immune-
complex formation and (¢) CDK4 Immuno-complex formation.
For immunoprecipitation followed by Western blot analysis, equal
amounts of protein (300 ug) from cell lysates prepared from
lovastatin treated cells were immunoprecipitated with anti-CDK2
(polyclonal) (d) or anti-CDK4 (polyclonal) (e) coupled to protein
A beads and the immunoprecipitates were subjected to Western
blot analysis with the indicated antibodies




suggest that the lovastatin mediated G1 arrest in 76N-
E6 cells, the concomitant decrease in CDK2 activity,
the increased expression of p21 and p27, the increased
association of these CKIs to CDK2, and lastly the
redistribution of CKIs from CDK4 to CDK2 are all
independent of p53.

Discussion

The outcome of CKI induction in most cells is the
cessation of cell proliferation, differentiation or even
cell death. In tumor cells the regulation of the CKIs is
altered leading to either lack of function, or expression.
Hence, if the CKIs could be induced consistently in
tumor cells, and their induction lead to Gl arrest the
goal of controlling the proliferation of cancer cells
could be achieved. As shown in this study we observe
that lovastatin can cease cell proliferation in a wide
variety of normal and tumor breast cells, independent
of their p53, pRb or ER status. We also provide
evidence that it is not the increase in the levels of the
CKIs per se but the increased binding of p21 and p27
to CDK2 and the consequent reduction of CDK2
activity that is actually responsible for the G1 arrest
caused by lovastatin in both normal and tumor breast
cell lines. The increased binding of CKIs to CDK2 is
through a p53 independent pathway. Our results also
reveal that lovastatin like other growth arresting agents
such as TGF-f (Reynisdottir and Massague, 1997) use
the switching of CKI from CDK4 complex to CDK2
as a method to initiate growth arrest.

Redistribution of both p21 and p27 from CDK4
complexes to CDK2 complexes following lovastatin
treatment

Recently a new functional role has been assigned to p21
and p27, that of facilitating cyclin D/CDK4 assembly in
vitro or acting as adaptor molecules (Poon et al., 1995;
LaBaer et al., 1997; Planas-Silva and Weinberg, 1997a;
Prall et al, 1997). Adaptor molecules facilitate the
association or complex formation between proteins
without hindering in the function of the complex.
Both in vitro studies using purified p21, p27 or p57
(KIP2) and in vivo studies using cells transiently
transfected with p21, CDK4 and cyclin D1, showed
an abundance of assembled CDK4/cyclin D1 complex
which increased directly with increasing inhibitor levels.
In fact, the addition of p21, p27 and p57 were able to
promote assembly of the cyclin CDK4 complexes by
35-80-fold without inhibiting the activity of the
complex (LaBaer et al, 1997). Hence, at low
concentrations p21 and p27 can act as adaptor
molecules, facilitate the binding of cyclin D/CDK4
complexes, promote the phosphorylation of pRb and
progression through G1, while at higher concentrations,
the CKIs can switch partners bind to CDK?2 and inhibit
cell cycle progression. Similarly, other studies examin-
ing the effect of estrogen on the cell cycle of ER positive
MCEF-7 cells revealed that the addition of S-estradiol or
estrogen were able to rescue synchronized cells and
induce progression through the cell cycle by increasing
the level of cyclin D and increased binding of p21 and
p27 to the cyclin D/CDK4 complexes from the cyclin
E/CDK2 complexes (Planas-Silva and Weinberg, 1997a;
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Prall et al., 1997). This redistribution of p21 caused a
marked induction of the cyclin E/CDK2 kinase activity.
Similarly, studies with the growth inhibitor TGF-f also
showed redistribution of the cyclin kinase inhibitors, i.e.
CKIs switch from CDK4 to CDK2 in response to
growth inhibitory activity of TGF-f. In addition TGF-
B resulted in the reduced synthesis of CDK4 and cyclin
D leading to the subsequent dissociation of cyclin D/
CDK4 complexes and redistribution of p27 from cyclin
D/CDK4 complex to cyclin E/CDK2 leading to a Gl
arrest (Ewen et al., 1993b). Subsequent studies have
suggested that the redistribution of p27 following TGF-
B treatment was due to the increased binding of pl5 to
cyclin D/CDK4 complexes in Mink Lung cells
(Reynisdottir et al., 1995; Reynisdottir and Massague,
1997). It therefore has been proposed that cyclin D/
CDK4 complexes apart from phosphorylating pRb,
titer the p21 and p27 in the cells and hence prevent the
binding of the CKIs to cyclin/CDK?2 complexes.

In the present study we also observe that treatment of
cells with lovastatin induce a cascade of events leading
to cessation of cell proliferation through the redistribu-
tion of the CKIs from cyclin D/CDK4 complexes to
cyclin E/CDK2 complexes. We observed that lovastatin
treatment of all cells examined, normal or tumor caused
a reduced synthesis of both cyclin D3 and CDK4 but
not cyclin D1. A similar decrease in CDK4 and cyclin
D3 but not D1 was seen in retinoic acid arrested MCF-7
cell (Zhu et al., 1997) and glucocorticoids arrested
U20S and SAOS2 cells (Rogatsky et al., 1997)
suggesting that the rapid reduction in cyclin D3 or
CDK4 levels may be the key signal for redistribution of
the CKIs. In the present study we observed that the
CKI binding to CDK4 complexes reduced rapidly and
significantly following lovastatin treatment (Figure 4).
This reduction was seen in both normal and ER/p53/
PRD positive tumor cell lines. Hence, the redistribution
of both p21 and p27 from CDK4 complexes to CDK2
complexes, apparently signaled by a decrease in the
expression of CDK4 and cyclin D3, leads to G1 arrest
caused by lovastatin treatment. This switching also
explains the increased binding of the CKI’s to CDK2
complexes that is observed in ER/p53/pRb positive cells
(Figure 2) without the corresponding increase in CKI
levels, as these cell lines have a high basal levels of these
CKIs (Figure 1). The high levels of both CKIs could be
attributed to increase cyclin D/CDK4 activity required
to phosphorylate pRb in these cells and thereby giving
these tumor cells a growth advantage. We also show
that when cell extracts prepared from lovastatin treated
cultures of ER/p53/pRb positive tumor cell lines (i.e.
MCF-7 and ZR75T) are immunodepleted of both p21
and p27, there is little to no CDK2 or CDK4 left in the
final supernatant. These results suggest that CDK2 is
completely sequestered by p2l and p27 following
lovastatin treatment in the absence of any CKI
accumulation. Furthermore, the amounts of p21 and
p27 released from CDK4 complexes which then
associate with CDK2 complexes in lovastatin treated
cells are sufficient to block the CDK2 activity in these
cells.

Lovastatin mediated G1 arrest is p53 independent

In this study we analysed the effect of lovastatin on a
broad range of breast cells, normal and tumor with
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different p53 status. We found that whether a cell is
p53 wild-type or mutant the effect of lovastatin was the
same in all cells and resulted in G1 arrest suggesting
that the p53 pathway is not involved in the G1 arrest
induced by lovastatin. We observed this p53 indepen-
dence under three different conditions. First, the
protein levels and CDK2 binding of p21 and p27 in
p53/Rb negative cells, (MDA-MB 157 and Hs578T)
increased dramatically following lovastatin treatment,
resulting in the G1 arrest of these cells. MDA-MB-157
is null for p53 while Hs578T harbors a mutant p53.
Hence, the increase in p21 levels following lovastatin
treatment in these cells is independent of p53.
Secondly, MCF-7 and ZR75T cells which are p53
and pRb positive tumor cells showed a decrease in p53
levels following treatment with lovastatin (Figure 1)
even though the binding of p2l1 and p27 to CDK2
increased resulting in inhibition of CDK2 activity and
subsequent G1 arrest (Figure 2). In these cells the
increased binding of p21 to CDK2 was independent of
p53, due to decrease in p53 levels in response to
lovastatin (Figure 1). Finally, and most directly, we
show that 76N-E6 cells, stably transformed by the
human papilloma virus E6 which renders p53 inactive
(Band et al., 1990; 1991), not only were G1 arrested by
lovastatin treatment but also revealed an induction of
p21 and p27 expression followed by increased binding
of p21 (and p27) to CDK2. The above results using
three different cell types which are either p53/pRb wild-
type, or p53/pRb mutant, or harbor an inactive p53
(i.e. 76N-E6) clearly reveal that the p21 induction and
subsequent Gl arrest mediated by lovastatin is p53
independent.

Lovastatin is a widely used drug for patients
suffering from hypercholesterolemia (Rettersol et al.,
1996). Investigators attempted to use lovastatin as an
agent for treatment of cancer because it inhibits the
cholesterol biosynthesis pathway and tumor cells have
an increased level of cholesterol synthesis (Bernstein
and Ross, 1993). However, these studies and recent
clinical trials were inconclusive in providing a role for
lovastatin as an anti-cancer agent (Thibault et al.,
1996). On the other hand, it is reasonable to evaluate
the chemo-preventative effect of this drug since data
from a large clinical trial of lovastatin for reducing
serum cholesterol produced the unexpected finding of a
33% decrease in cancer incidence (Stein et al., 1993).
Furthermore, lovastatin has also been shown to inhibit
metastasis of highly metastatic BI6F10 mouse mela-
noma in nude mice (Jani et al., 1993). Lastly, in the
present study we show that lovastatin treatment of
cells leading to G1 arrest is through the induction of
p21 and p27 and subsequent inhibition of CDK2
activity. Collectively the above studies suggest that
lovastatin may have chemo-preventative properties by
inducing the inhibitory activity of the negative
regulators of the cell cycle. It therefore is quite
pertinent to investigate the direct mechanism by which
lovastatin activates the CKIs in the cells, whether by
inducing their expression in otherwise CKI negative
cells, or mediating their redistribution to cyclin/CDK
complexes which inhibit progression through the cell
cycle. The universality and the p53 independent action
of lovastatin in cessation of cell proliferation, also
make it a very attractive agent for use as a potential
chemo-preventative agent.

Materials and methods

Materials, cell lines and culture conditions

Lovastatin was kindly provided by William Henkler
(Merck, Sharp and Dohme Research Pharmaceuticals,
Rathway, NJ, USA). Serum was purchased from Hyclone
Laboratories (Logan, Utah, USA) and cell culture medium
from Life Technologies, Inc. (Grand Island, NY, USA).
All other chemicals used were reagent grade. Before
addition to cultures, lovastatin was converted from its
inactive lactone prodrug form to its active dihydroxy-open
acid as described previously (Keyomarsi er al, 1991;
Keyomarsi, 1996). The culture conditions for 76N, 70N
normal cell strains, MCF-10A immortalized cell line, and
MCF-7, ZR75T, MDA-MB-157, Hs578T, T47D, and
MDA-MB-231 breast cancer cell lines were described
previously (Keyomarsi and Pardee, 1993; Keyomarsi et
al., 1995). 76N-E6 cell line (a gift from Dr V Band, Tufts
Medical Institute, Boston, MA, USA) were immortalized
and cultured as described previously (Band et al., 1990,
1991). All cells were cultured and treated at 37°C in a
humidified incubator containing 6.5% CO, and maintained
free of mycoplasma as determined by Hoechst staining
(Hessling et al., 1980).

Synchronization and flow cytometry

Synchronization by lovastatin treatment was performed as
described previously (Keyomarsi et al., 1991). Briefly
medium was removed 24-36 h after the initial plating,
replaced with fresh medium plus 40 um lovastatin for 0-36
h. Cells were harvested at the indicated times and flow
cytometry analysis was performed. For Fluorescence-
Activated Cell Sorter (FACS) analysis 10° cells were
centrifuged at 1000 g for 5 min, fixed by the gradual
addition of ice cold 70% ethanol (30 min at 4°C) and
washed with phosphate buffered saline. Cells were then
treated with RNAse (10 ug/ml) for 30 min at 37°C, washed
once with phosphate buffered saline and resuspended and
stained in 1 ml of 69 uMm propidium iodide in 38 mMm
sodium citrate for 30 min at room temperature. The cell
cycle phase distribution was determined by analytical DNA
Flow cytometry as described previously (Keyomarsi et al.,
1995).

Western blot and immune complex kinase analysis

Cell lysates were prepared and subjected to Western blot
analysis as previously described (Keyomarsi ez al., 1995).
Briefly, 50 ug of protein from each condition was
electrophoresed in each lane of either a 7% sodium
dodecyl sulfate-polyacrylamide gel (SDS—PAGE) (pRb),
10% SDS—-PAGE (p53, cyclin A, cyclin D1, cyclin D3),
13% SDS—PAGE (p21, p27, CDK2, CDK4), or a 15%
SDS-PAGE (pl16), and transferred to Immobilon P
overnight at 4°C at 35 mV constant volts. The blots were
blocked overnight at 4°C in Blotto (5% nonfat dry milk in
20 mM Tris, 137 mM NaCl, 0.25% Tween, pH 7.6). After
six, 10 min washes in TBST (20 mM Tris, 137 mM NaCl,
0.05% Tween, pH 7.6), the blots were incubated in primary
antibodies for 3 h. Primary antibodies used were pRb
monoclonal antibody (PharMingen, San Diego, CA, USA),
at a dilution of 1:100, monoclonal antibody to pl6 (a gift
from Jim DeCaprio, Dana Farber Cancer Institute) at a
dilution of 1:20, CDK2, CDK4 and p27, monoclonal
antibodies (Transduction Laboratories, Lexington, KY,
USA) each at a dilution of 1:100, p21 and p53 monoclonal
antibodies (Oncogene Research Products/Calbiochem, San
Diego,. CA, USA) at a dilution of 1:100 cyclin DI
monoclonal antibody (Santa Cruz Biochemicals, Santa
Cruz, CA, USA) at a dilution of 1:100, and actin
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monoclonal antibody (Boehringer-Mannheim, Indianapo-
lis, IN, USA) at 0.63 ug/ml in Blotto. Following primary
antibody incubation, the blots were washed and incubated
with goat anti-mouse horseradish peroxidase conjugate at a
dilution of 1:5000 in Blotto for 1 h and finally washed and
developed with the Renaissance chemiluminescence system
as directed by the manufacturers (NEN Life Sciences
Products, Boston, MA, USA).

For immunoprecipitations followed by Western blot
analysis 300 ug of cell extracts were used per immunopreci-
pitation with polyclonal antibody to CDK2 [CDK2 antibody
was generated by immunizing rabbits with multiple antigenic
peptide (MAP peptides) (Posnett ez al., 1988) consisting of
the 30 amino acids of the N terminal region of the CDK2
protein. MAP peptides consist of branched lysines, with each
lysine directly attached to the peptide. Rabbits were primed
and boosted subcutaneously, with 2 mg of MAP peptide
without a carrier protein and emulsified in complete or
incomplete (four boosts) adjuvant, respectively. The rabbits
were boosted in 3 week intervals and the titer and the
specificity of the serum was monitored by ELISA (Enzyme-
linked immunosorbent assay) following each boost.] or
CDK4 (a gift from Dr M Pagano, New York University
Medical Center, NY, New York) (Tam ef al., 1994) in lysis
buffer containing 50 mM Tris buffer pH 7.5, 250 mM NacCl,
0.1% NP-40, 25 ug/ml leupeptin, 25 pg/ml aprotinin, 10 pg/
ml pepstatin, 1 mM benzamidine, 10 ug/ml soybean trypsin
inhibitor, 0.5 mM PMSF, 50 mM NaF, 0.5 mM Sodium
Ortho-Vanadate. The protein/antibody mixture was incu-
bated with protein A Sepharose for 1 h and the immunopre-
cipitates were then washed twice with lysis buffer and four
times with kinase buffer (50 mM Tris HCL pH 7.5, 250 mM
NaCl, 10 mm MgCl,, 1 mM DTT and 0.1 mg/ml BSA). The
immunoprecipitates were then electrophoresed on 10%
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Summary

Lovastatin is an inhibitor of HMG-CoA reductase, the raté-limiting enzyme in
cholesterol Syhthesis. Previously, we reported that lovastatin can be uSed td arrest |
cultured cells in the G1 phase of the cell cycle, resulting in the stabilization of the
cyclin dependent kinase inhibitors (CKls) p21 and p27. In this report we shoW that this
stabilization of p21 and p27 may be duevtc_) a previously unknown function of the pro-
drug, R-lactone ring form of lovastatin to inhibit the proteasome degradation of these
CKls. - We show that lovastatin pro-drug (20% of the lovastatin mixture) inhibits the
20S proteasome but does not inhibit HMG-CoA reductase. In addition, many' of the
properties of proteasomé inhibiﬁon by the pro-drug are the same .as the specific
proteasbme inhibitor lactacystin. Lastly, mevalonate (used to rescue cells from
lovastatin érrest) unexpectedly reverses the lactacystin inhibition of the proteasome.
Mevalonate increases the activity of the proteasome, which could result ir degradation

of the CKls causing the release of lovastatin- and lactacystin-arrested cells.




~ Introduction

Metabolic‘and cellular processes that require exquisite temporal precision, like thé
cell cycle, often involve selective proteolytic degradation of regulated proteins
| (Hershko and Ciechanover, 1992). One major degradative pathway capable of such
activity is the proteasome pathway (Ciechahover, 1994; Hochstrasser, 1992;
Hochstrasser, 1995; Hochstrasser, 1996). This pathway is involved in the regulation
of diverse processes ‘including embryogenesis, signal transduction (Jentsch, 1992),
and cell cycle progression (Pagano, 1997). For example, degradation of several cell
cycle proteins including Clns, Clbs (Lanker et al., 1996), cyclins A, B (Glotzer et al.,
1991; Mahaffey et al., ,19'95; Murray, 1995), D (Diehl et al., 1997), and E (Clurman et al.,
1996; Won and Rééd, 1996), as well as tumor suppreésor genes such as p53 and
pRb (Haupt et ai., 1997; Kubbatat et al.,, 1997) is via ubiquitin-mediated proteolysis.
The ubiquitin pathway also regulates the levels of cyclin dependent kinase inhibitors
Sic1p, Far1p, p27 and mbre recently p21 (Blagosklonny et al., 1996; Feldman‘ etal, |
1997; Henchoz et al., 1997; Maki and Hdwley, 1997; Pagano et al., 1995; Skowyra et

al., 1997). Differenées in ubiquitination activity observed in proliferat‘ing and quiescent
cells contribute to the observed differences in p27 Half—life (Pagano, 1997; Pagano et

“al., 1995).

The 26S proteasome, the central protease of the ubiquitin dependent pathway of
protein degradation, consists of the two asymmetrical 19S cap Complexes attached to
thé ends of a barrel shaped 20S particle which recognize and unfold ubiquitinated

proteins (Peters et al., 1993). The 20 S parﬁcle is generally referred to as the multi-




catalytic unit, or the 20S prbteasome (Tanahashi et al., 1993). The 20 S prdteasome

consists of four seven-membered rings that contain fourteen related subunits that fall

into two families, the o-subunits, }which form the outer rings, and the R-subunits,

which form the inner rings, of the 20S complex (Lupas et al., 1993).

Proteins targeted for degradation by the proteasome pathway are modified by the
covalent attachment of multiple ubiquitin polypeptides. The poly-ubiquitinated
substrate is then degraded by the 26S proteasome multi-enzyme comp!ex
(Varshavsky, 1997). This pathway is a multi-step process that ‘involves several
enzymes and intermediary products. The first energy-dependént step is Catalyzed by
ubiquitin-activating enzyme E1. The product is an E1-boundv ubiquitinyl adenylate
which is then transferred to one of the several ubiquitin (Ub) conjugating enzymes E2.
This complex, often with an additional{factor E3, cétalyzes the isopeptide bond
formation between ubiquitin and the targeted. substrate (Hochstrasser, 1996).
Additional Ub molecules are added to substrates to be degraded by this. same
~enzyme cascade. Ulfimately, a chain of Ub molecules ih isopeptide linkage to the
substrate is formed which is recognized and degraded by the 26S-proteasome
éomplexes (Ichihara and‘ Tanaka, 1995). The overall specificity of the pathway ié
regulated by both substrate recognition in the ligation step .and conjugate partitionihg

by the isopeptidase (Haas and Siepmann, 1997).

Proteasome activity is inhibited by several peptide aldehydes (e.g. LLnL) and

Compounds like 3,4-dichloroisocoumarin and lactacystin (Fenteany et al., 1995; Rock




‘et al.,, 1994). Lactacystin, a Streptomyces metabolite containiﬁg a B-lactone ring,
selectively inhibits proteolytic activities of the proteasome (Dick et al., 1997; Fenteany
et al., 1995). The moiety crucial for inhibition of the proteasome activity is the R-lactone
electrophilic carbonyl. This moiety targets enzymes containing a catalytic nucleophile
such as a} prdtease. In contrast,vthe dihydroxy acid form of !actacystin is esséntially
inert to nuc;leophili'c attack and is incapable of inhibiting the proteasome (Fenteany et
al.,, 1995; Fen;ceany et al., 1994). These findings suggesf that the pro-drug form of
anoth_er R-lactone, lovastatin, similar in structure to lactachtin, may‘ inhibit the

| ubiquitin mediated proteolysis of key regulatory proteins such as the cyclins and CKils.

Lovastatin is widely used for the treatment of hypercholesterdlemia (Rettersol et al.,
11996). Lovastatin inhibits‘ hydroxymethyl-glutaryl coenzyrﬁe A (HMG—COA) reductase,
and HMG-CoAis not converted inté mevalonic acid (Corsini et al., 1995; Endo et al,,
1976). When mevavlonate ‘levels decrease, isoprenylation of key signal transduction
proteins (e.g., Ras, Rap, etc) is prevented, their subcellular }I'ocaIiZation is disrupted,
and they are inactivated as signal transducers.(Casey et al., 1989; Maltese, 1990;
Maltese and Sheridan, 1987; Wedje et al., 1993). Perhaps by reducing .cholesterol
‘v'ancli its intermediary metabolites, administration of lovastatin to cells in culture
impacts cell cycle progression. Previously we reported that lovastatin can be used as
an effective agent in cell synchronization for both tumor and normal cells (Keyomarsi,
1996; Keyomarsi et al., 1991), arresting cells in G1. Mevalonate releases arrested
cells from G1 block, suggesting that mevalonate or one of its downstream products is
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essential for cell division. The effects of inhibitors to squalene synthase (SS) define




the boundary of this “mevalonate effect’, the first committed step to sterol synthesis
downstréam of HMG-CoA reductase. Inhibitors of SS (e.g., Zaragozic Avand
Squalestatin) do not inhibit cell growth. Smooth muscle cells can grow in the
presence of SS inhibitors, but not in the presence of HMG-%JOA reductase inhibitors
(Raiteri et al., 1997). Also, cell lines with defective SS can grow in medium minimally
sqpplemented with lipids (Bradfute et al.,, 1992). It appears that the critical
intermediates of the éholesterol synthesis pathway required for cell division are

between mevalonate and squalene.

The studi‘es presented here suggest that alternative pathways may be targeted by
lovastatin; these pathways may mediate the lovastatin effects on cell prolifération.
| Substantial evidence suggést_é thaf the mechanism of lovastatin-mediated inhibition
of cell proliferation is through the accumulation of p21 and p27 and subsequent
inhibition of CDK2 activity (Gray-Bainn et al.,, 1997; Hengst and Reed, 1996; Rao et
al., 1998). While investigating the mechanism of lovastatin arrest, we found that
lovastatin in 'its pro-drug form (R-lactone) is entirely responsible for "the effects on p21
and p27 leading to G1 arrest. The open-ring form, which is active against HMG—COA
-reductase, and a similar active drug, pravastatin, do not affect p21 or p27 or vcause
arrest. Because the}pro—drug form of lovastatin does not inhibit HMG-CoA reductase,
we addressed the question whether the pro-drug arrest of cell growth was via a
mechanism unrelated td the HMG-CoA reductase pathway. As an alternative, the
ubiquitin-proteasome pathway was identified based on the structural similarities

between the pro-drug form of lovastatin and the specific proteasome inhibitor




lactacystin. Our studies also show that mevalonate, the product of the reaction
catalyzed by HMG-CoA reductase, reverses the pro-drug form of lovastatin mediated
G1 arrest. Svurprisingly mevalonate has a sécond rdle, reversing lactacystin-mediated
apoptosis in breast cancer cells. Our data suggest the pro-drug form of lovastatin is
acting as a proteasome inhibitor, which leads té cell arrest in ways that’closely mimic
the effects of lactacystin. An entirely new role for mevalonéte is to reverse the effects
of both lactacystin and the pro-drug form of lovastatin by increasing the activfty of the

proteasome.




Results

Lovastatin mediated induction of p21 and p27 is independent of the HMG-CoA
reductase block. Lovastatin is ah inactive lactone pro-drug that must be chemically or
enzymatically converted to its dihydroxy open-acid form to inhibit HMG-COA reductase.

~ For the studies presented here, we chemically modified lovastatin to its open lactone,

hydroxy acid form to inhibit the cholesterol biosynthetic pathway. In its closed B&-
lactone (i.e. pro-drug) form lovastatin is entirely inéctive as an HMG-CoA inhibitor (see

| below).

Based on the recent Iacfacystin repdrts (see Introduction) and our own studies (Rao
et al., 1998) with lovaétatin, we hypothesized that the induction of CKls by lovastatin
~would not be solely through inhibition of the HMG-CoA reductase pathway, but also
through thé inhibition of the proteasome pathway. The chemical form of lovastatin
likely to inhibit the proteasome pathway is the closed B-lactone ring (i.e. pro-drug)
form. To determine the efficiency of pro-drug conversion we used reversed bhase
HPLC to separate the different forms of lovastatin and found that the chemical
conversion of lovastatin was 80% efﬂéient; 20% of the lovastatin mixture is the
‘unmodified pro-drug, clésed R-lactone ring (Fig 1A). HPLC analysis of the chemica>lly
unmodified form of lovastatin (i.e. the closed ring) revealed only one peak which
occurred at the exact HPLC retention time as the second peak of the lovastatin
bmixture‘, suggesting that the Iovéstatin we used in our studies contained both forms.
| This observation was further corroborated through molecular weight determination by

1

electrospray ionization mass spectrometry analysis using eluted HPLC peaks for




analysis (Fig ‘1B). These analyses revealed the first peak of the lovastatin mixture
was indeed the open ring form, with a molecular weight of 423 (and was 80% of the
mixture), while the 2nd peak of the lovastatin mixture and the only peak of the R-
lactone HPLC profiles had identical molecular weights (i.e., 405), suggvesting that they
were the same compound (Fig 1B). Td exam‘i.ne the hypothesis that the pro-drug
inhibits the proteasome, cells were treated with a) the chemically modified form of
lovastatin (i.e. mixture), b) the pro-drug form of Iovastétin (R-lactone) and c) an
analogue of lovastatin, called‘ pravastatin, present only in its open ring form as a
sodium salt. Pravastatin is similar in structure and potency to the open ring form of

lovastatin and it does not require modification for activity.

MDA-MB-157 cells were treated with the indicated concentratioﬁs of the lovastatin
mixture, lovastatin closed ring form, or pravaétatin for 36 hours. Cell cycle
perturbations induced by these agents were monitored by flow cytometry and analyzed
on Western blots with antisera to p21, p27, or actin (Fig 1C). As expécted, treatment of
.cells with the lovastatin mixture inducéd both p21 and p27 in a dose 'dependent
fashion; the increase in the CKI expression inhibited cell proliferation, detected as a
‘decrease in S phase. Treatment of cells with the B-lactone form of lovastatin, i.e. the
pro-drug, aiso »resulted in inhibition of cell proliferation and a more pronounced CKI N
induction in a dése dependent manner (Fig 1C). Densitometric analysis revealed that
the CKls were induced twice as much in cells treatéd with the pro-dfug form versus
the lovastatin mixture (data not shown).- The highest concentrations | of the pro-drug,
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i.e. 160 uM, resulted in apoptosis of most of the cells. Pravastatin, which exists only in




the open ring form, on the other hand, was incapable of ‘inducing the CKls at any
concentration examined (Fig 1C) and did not arrest the cells. Collectively these
studies corroborate our hypothesis that: a) the induction vof CKls by lovastatin is
sufficient to arrest cells; and b) the mechanism of CKI induction by lovastatin may not
be through the inhibition of the HMG-CoA reductase enzyme. Pravastatin, which exists
solely in its open hydroxy ring form, targets only the HMG-CoA reductase pathway, and
is incapable of inducing the CKis. In contrast, the pro-drug form of lovastatin (inactive

against HMG-CoA reductase) is capable of inducih'g the CKls and causing a G1

-arrest.

To directly determine the abilities of the lovastatin mixture, lovastatin pro-drugv form,
and pravastatin to inhibit HMG-CoA reductase we prepared cell extracts from MDA-MB-

157 cells and assayed in vitro for HMG-CoA reductase as described (Halpin et al.,

1993; Larsson et al, 1989). The results of this assay revealed that while both

pravastatin and lovastatin active drug form inhibited the HMG-CoA reductase in a dose
-dependent manner (Fig 2), the pro-drug form of lovastatin was incapable of inhibiting

the activity of HMG-CoA reductase over the concentration range examined. The data

“strongly suggest that the mechanism by which the closed ring pro-drug fbrm of

lovastatin induces the CKls through a pathway independent of HMG-CoA reductase
and that inhibition of this enzyme is not essential for G1 arrest and CKI induction.

Next, we examined the ability of the pro-drug to inhibit the proteasome pathway.
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Inhi_bitipn of proteasome activities results in the induction of the CKiIs. Previous
reports have shown that both p21 and p27 are substrates for ubiquitination and
proteasome-dependent degradation (Blagosklonny et al., 1996; Maki and Howley,
1997; Pagano et al., 1995). On Western blot analysis of cell extracts treated with‘
lovastatin and the pro-drug forms (but not with pravastatin), we found that antibodies
to both p21 and p27 recognized specific proteins of higher molecular sizes that are
likely to correspond to ubiquitinated forms of these }CKls (Fig 3A). These initial
studies suggested that the proteasome pathway might have a role in the lovastatin-
‘mediated accumulation of CKls. To examine the contribution of the proteasome
“pathway in induction of fhe CKls we treated MDA-MB-157 with two inhibitors of this
enzyme,. N-acetyl-L—IeucinyI-L—Ieucinal—L-norleucinal (LLnL), and ‘lactacystin.v Both
these inhibitors resulted in a dramatic induction of p21 and p27 in a dose- andf time-
dependent fashion (Fig 3B & C). Since treatment of ce'lls by lovastatin and ifs prO-
drug form resulted in HMW laddering of p21 and p27, and since specific p’roteaso}me
inhibitors sueh as lactacystin also resulted in dramatic induction of CKls, we directly

examined the role of the proteasome in lovastatin-mediated accumulation of the CKls.

Pro-drug form of lovastatin and Iactacystin but not pravastatin inhibit the
-broteasome. We next evaluated whether the pro-drug form of lovastatin inhibits the
_proteaSome activity to the same degree as lactacystin (Fig 4). The proteolytic core of
the 26S proteasorhe complex responsible for the hydrolysis of ubiquitinated proteins,
consists of a 20S proteasome with distinct chymotrypsin-like, trypsin-like, and
peptidylgIutamyl—peptide'hydrolase (PGPH) activities (Fenteany et al., 1994; Maupin-
Furlow and Ferry, 1995). Both the chymotrypsin- and trypein—like activities of this

complex are inhibited by lactacystin in a dose and time dependent manner (Fenteany

11




et al., 1994). To determine whether the pro-drug form of lovastatin Was also capable
of directly inhibiting the proteasome, we measured the kinetics of inhibition of the
peptidase activities by three drugs. Lactacystin (positive control), the pro-drug form of
Iovas{atin, lovastatin mixture, and pravastatin (negative control) were added to cell
extracts according to established and published procedures (Fig 4A) (Fenteany et al.,
1994; Maupin-Furlow and Ferry, 1995). The inhibition of the chymotrypsin-like activities
of the 20S-proteasome complex by these drugs was measured directly uéing a
fluorescence assay containing a fluorogenic peptide substrate for the chymotrypsin-
like activity of this complex (Fenteany et al., 1994; Maupin-Furlow and Ferry, 1995).
These studies revealed that lactacystin was capable of inhibiting the peptidase activity
of the proteasome completely at or above 1 uM. The pro-drug also was able to inhibit
the,,profeasome activity in a dose dependent fashion with half-maximal inhibition
occurring at 40 uM. The lovastatin mixturé, which contains'only 20% of the pro-drug
form, also inhibited the proteasome activity but at much higher concentrations,

reflecting the low percentage of the pro-drug form. Pravastatin on the other hand was

“incapable of inhibiting the proteasome over the concentration ranges examined (i.e.

up to 6.4 mM). This analysis clearly revealed that the pro-drug form of lovastatin
inhibits the proteasome activity in vitro. Since the concentration required to inhibit the

proteasome in vitro is higher than that used to arrest cells, we also performed the

~ proteasome experiments in vivo by treating cells with the inhibitors for 36 hours,

preparing cell extracts, and measuring the peptidase activity of the proteasome (Fig
4B). These analyses revealed that lovastatin mixture, its pro-drug form, and Iactacysﬁn
inhibited the activity of the proteasofne at concentrations similar to those required to
achieve G1 arrest in vivo. Differences in drug potency in vivo and in vitro are likely due
to different rates of}uptake and metabolism. Furthermore, mevalqnate was able to
reverse the inhibitory activity of these agents on the proteasome (see below). These

studies (Figs 1-4) show that a specific proteasome-mediated pathway contributes to
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increased expression, via stabilization, of p21 and p27 in cells treated with lovastatin

mixture or the pro-drug.

Increased protein stability of both p21 and p27 followmg pro-drug treatment
Critical to our hypothesis that lovastatm blocks proteasome actuvnty is the stability of
both p21 and p27 in response to lovastatin. Inhibition of the proteasome with the pro-
drug should lead to increased stability of both proteins. The turnover rates of p21 and
p27 proteins caused by}the pro-drug form of Iovastatin. were measured by the rate of
35S-methionine and cysteine incorporation into p27 and p21. We calculated the half-
lives of the labeled proteins in cells treated with the pro -drug in pulse (4 hours)/chase
(0-2 hours) experiments (Fig 5). At several time intervals during the pulse/chase, cells
were harvested, protein extracted, and subjected to lmmunopreCIpltatlon with

antibodies to p21 and p27. The immunoprecipitated samples were analyzed by SDS-

‘PAGE followed by autoradiography and densitometric analysis. This analysis showed

that compared with untreated cells, pro-drug treated cells synthesized p21 more
rapidly and degraded both p21 and p27 more slowly. The increased rates of
incorporation (2 times more p21 was synthesized during a 4 hour_ pulse in pro—drug
treated cells) and increased half life (0.5 Versus 1.5 hours with treatment for both p21

and p27) account for the net increase of protein observed from drug treatment (Fig

' 5B).

Mevalonate reversal of lovastatin and lactacystin mediated inhibition of the

proteasome. It is well established that the effects of lovastatin inhibition of HMG-CoA

reductase on cholesterol synthesis are reversed by mevalonate. The lovastatin-

mediated G1 arrest ‘and CKI induction, also reversed by mevalonate, led to the
contlusion that the inhibition of HMG-CoA reductase somehow causes G1 arrest. We

propose that mevalonate has an important effect on the lovastatin inhibition of HMG-




CoA reduc;tase and lactacystin inhibition of the proteasome, reversing both pathWays.
We show in Figure 6A that the G1 arrest mediated by bpth lovastatin and its pro-drug |
form can be reversed. by mevalonate. Since the pro-drug form of :Iovastatin does not
inhibit HMG-CoA reductase (Fig 2), it follows that mevalonate reversal of the pro—drug
Gﬁ arrest does not involve HMG-CoA reductase. As we have shown, the pro-drug
form of lovastatin can inhibit the proteasome (Fig 4). We were curious if mevalonate
could also reverse the lactacystin-mediated inhibition of proteasome. We directly.
examined this by vtreating cells with lactacystin in the presence or absence of
mevalohate (Fig 6B). Treétment of cells with lactacystin resulted in significant
apoptosis of cells. Seventy percent of cells treated with 10 uM lactacystin for 36 hours
apbptosed (Fig 6B). (10 uM lactacystin also completely inhibited the proteasome
activity as shown in Fig 4). Intriguingly, when cells were treated with lactacystin in the
presence of increasing concentrations of mevalonate, the lactacystin-mediated
apoptosis was completely reversed by mévéIonate in a dose dependent fashion (Fig
6B). Apoptosis was measured both by accumulation of cells in sub-G1 as measured
by ﬂow cytometry (Fig 6B) and by chrombsome condensation as observed by DAPI
staining (Data not shown). These results show that mevalonate reverses the effects

of lactacystin inhibition of the proteasome.

The reversal of lovastatin-mediated inhibition of HMG-CoA reductase by mevalonate is
biochemically sound and documented extensively. However the reversal of
proteasome inhibition by mevalonate is novel and represents an exciting enigma,
since it suggests a novel function for mevalonate. We showed that mevalonate can

reverse the apoptotic action of lactacystin and the G1 arrest mediated by the pro-drug
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form of lovastatin. We also showed in figure 4B that when cells were treated with
Iactacystin and then assayed for proteasome activity, the activity was inhibited by 70%.
However addition of mevalonate to cells reversed the lactacystin mediated inhibition
of the proteasome. We also know that lactacystin does not inhibit the HMG-CoA
reductase, or the cholesterol biosynthesis pathway. Treatment of cells with up to 10
pM lactacystin for 24 hours did not result in any inhibition of the cholesterol
biosynthesis aé measured by the rate of incorporation of [°H]-acetate into cholesterol
(data not shown). Collectively, these _results' suggest that the inhibition of the
proteasome by lactacystin is concomitant with apoptosis and independent of the
cholesterol biosynthesis pathway.l' Further, the results indicate that addition of
“mevalonate reverses both lactacystin induced apoptosis and proteasome inhibition.
To test the effect of mevalonate on proteasome activity we pretfeated cel‘ls with
increasing concentrations of mevalonate for 36 hours, prepared‘ cell extracts, and
measured the proteasome activity by using a fluorogenic peptide substrate as
described above (Fenteany et al., 1994; Maupin-Furlow and Ferry, 1995), (Fig 6C).
These studies in two different cell lines (MDA-MB-157 and MDA-MB-436 cells)
revealed that when cells were treated with increasing cpncentrations ~of mevalonate,
the peptidase activity of the proteasome increased 300_—500 percent over the
‘ concentration range examined (Fig 6C). We believe that mevalonate reverses the
action of both lactacystin and the pro-drug form of lovastatin on the proteasome by
‘increasing the activity of the proteasome compléx. Our results 'suggest that in
addition to being an integral unit in the cholesterol biosynthesis pathway, mevalonate

also has a role in pr’_oteolytic degradation.
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Discussion:

The novel hypothesis we present here is that lovastatin induces cyclin-dependent
kinase inhibitors (p21 and p27) in breast cancer cells by modulation of the ubiquitin-
proteasome pathway, independeht of inhibition of the HMG-CoA reductase enzyme.
The model for this hypothesis is presented in Figure 7. The left portion of this
diagram " depicts the traditional role of HMG-CoA reductase inhibitors that block
mevalonate synthesis. The lack of mevalonate prevénts the synthesis of farnesyl
pyrophosphate and all subsequent isoprenylation of key proteins implicated in 'cell’
division. The right side of the diagram illustrates our hypothesis that the inactive
inhibitor of HMG-CoA reductase (pro-drug.form of lovastatin) and a specific inhibitor of

the proteasome (lactacystin) cause G1 arrest or apoptosis from the accumulation of

‘the CKls p21 and p27. This accumulation is primarily due to the inhibition of the

proteasome by both drugs. Central to our hypothesis is the unusual discovery that
mevalonate, in addition ’to its known ability to rescue HMG-CoA reductase inhibition,
unexpectedly reverseé inhibition of the proteasome by lactacystin and by the pro-drug
form of lovastatin. This leads to the degradation of the CKIé and resumption of cell

division (Fig 7).

The rationale for the hypothesis that lovastatin, in its 'pro-drug' form, can inhibit the

proteasome became clear when it was found that the efficiency of convérsion of the

‘pro-drug to the open ring form is only 80%, leaving 20% of lovastatin in the pro-drug

form which is inactive against HMG-CoA reductase. It is this 20% that inhibits the
proteasbme, as shown in figure 4. Since pravastatin exists entirely in the active form,
inhibits HMG-CoA reductase and does not arrest cells, our data suggest that
proteasome inhibiton may play a more relevant role than HMG-CoA reductase
inhibition when these types of drugs are used to arrest cells.' Additionally we provide

evidence that mevalonate has a dual function. Mevalonate clearly rescues lovastatin-
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arrested cells. In addition to its known ability to rescue HMG-CoA reductasé inhibition,
we show that mevalonate reversés the effects of proteasome inhibition by lactacystin.
We show" this bot_h by the ability of mevalonate to inhibit Iactacystin-me’diated
apoptosis, and ‘reversal of the proteasome inhibitory activity of the Iactacystiﬁ.
Mevalonate actually increases proteasome activity in cells when assayed in vitro.
Collectively, our data suggest .that the pathways of cholesterol biosynthesis and

proteasome processing of cell cycle regulators clearly have an overlap.

‘The overlap between these two pathways is also evident when‘one examines the
biological effects of lovastatin and lactacystin. SUrprisineg 'there is common ground
between lovastatin. and lactacystin in their biological effects (Figure 7). For example,
iﬁhibitors of both HMG-CoA reductase and the proteasome have similar stimulatory
- effects on the differentiation of PC12 neuronal bcells. Simvastatin, similar in structure
and activity to lovastatin, causes neurite-ike outgrowth and inhibition of cell
proliferation in PC12 cells. This response was cdmplétely reversible by mevalonate.
In contrast, pravastatin, which resembles only the active form of Iovastaﬁn, had no
effect on these cells (Sato-Suzuki and Murota, 199;6)- Intriguingly, the neurite
outgrowth of PC12 cells induced by inhibitors of the proteasome pathway suggests
the involvement of the proteasome in cell differentiation (Saito et al., 1990; Tsubuki et
al., 1993; Tsubuki et al., 1996). Lactacyétin, when administered in its lactone form,
results in neurogenesis, induces neurite outgrowth in a murine cell line and inhibits :
proliferation of other cell types by arresting them in the GO/G1 phase of the céll cycle
(Fenteany et al.,, 1994; Omura et al., 1991).‘ This effect of lactacystin is strongly

reminiscent of the effect seen with simvastatin, described above.

17




While lovastatin and lactacystin have some biological effects in common, lovastatin
has properties that seem uﬁrelated to cholesterol biosynthesis. Several studies have
reported that besides its cholesterol lowering ability, lovastatin also plays ab'role in
inducing differentiation, inhibiting metastasis, and lowering cancer incidence. For
example, treatment of cells by lovastatin resulted in regeneration of cultu‘red' rat
skeletal muscle cells with a toxic effect on growth and differentiation, without
influencing the cholesterol and phoépholipid content of the cells. These studies
suggest that other mechanisms besides inhibition of HMG-CoA reductase may play a

role in the differentiation of muscle cells. (Veerkamp et al., 1996). In separate studies,

| inhibition of the HMG-CoA reductase induces differentiation of human monocyﬁc cells

associated with growth retardation and expression of monocytic differentiation
markers (Weber'et al., 1995). In other studies, lovastatin inhibited experimental lung
metastasis of the highly metastatic BI6F10 mouse melanoma in nude mice. Used in
vitrb, lovastatin pretreatment of B16F10 cells resulted in inhibition of attachment,
motility, and invasion. These are kéy steps in the dynamic sequence of events that
comprise the metastatic cascade (Jani et al., 1993).. Lastly, data from a large clinical

trial of lovastatin produced an unexpected finding. When patients with severe

“hypercholesterolemia were treated with lovastatin, a decreased incidence (14%) of

cancer of all types was observed in these patients compared to the expected rates
(21%) (Stein et al, 1993). Collectively these studies suggest that in addition to
inhibiting HMG-CoA reductase, lovastatin may play a larger role in affecting diverse
cellular pathways, Unrelated to cholesterol biosynthesis, such as the proteasomé

i

pathvway.
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Inhibition of the proteasgme leading to increased protein stabilization is not the only
mechanism for up-regulating p21 levels. Lovastatin clearly regulates p21 levels by
upregulating b21 mRNA, as described in several different cell lines (Gray-Bablin et al.,
1997; Lee et al., 1998; Vogt et al, 1997). - In one of these cell lines, the human
prostate carcinoma cell line PC-3-M, b53 is null, elimfnating the well-known
mechanism of p21 gene expression. Lovastatin in this cell line upregulatevs p21
mRNA through a “lovastatin response elemént” in the promoter region which is
coincident with the transforming growth factor Beta (TGFRB) responsive element (Lee
et al., 1998). The lovastatin effects were reversed by mevalonate. Curiously, the
reporter construct was ﬁot responsive to added TGFR suggesting that some ofher
molecule must be éctivating p21 transcription through this site. Mutation of an SP1
binding site in the p21 promoter also blocks lovastatin activation gf the reporter
‘plasmid construct. The role of SP1 is very interestiyng since it has been shown to be
degraded through the proteasome pathway as well. The authors show that
lactacystin and LLnL block the rapid degradation of SP1 brought about by glljcgse
starvation and cAMP stimulation. According to our hypothesis, SP1 could be stabbilirzed
by lovastatin via inhibition of proteasome acti?ity. Stabilized SP1 could act directly or

‘recruit other transcription factors to stimulate p21 tranécription.

The ability of mevalonate to reverse the effects of lovastatin fits well with the idea that
activity of HMG-CoA reductase is needed to provide precursors vital to cell division.
However, the effect of the pro-drug form forces us to consider more complex

El

‘mechanisms to explain this effect because the pro-drug does not inhibit HMG-CoA

19




reductase. We suggest that the key to this puzzle is that the pro-drug form. of
lovastatin is-acting} as a preteasome inhibitor, which leads to cell arrest in ways that
closely mimic the effects of lactacystin (Figure 7). An entirely new role for mevalonate
| is to reverse the effects of both lactacystin and the pro-drug form of lovastatin. The
mechanism by which mevalonate is capable of reversing the inhibitory action of the
pro-drug and of lactacystin is unknown; however, it cfearly involves the up-regulation of
proteasome activity. There is precedent for this hypothesis. It has been reported that
while HMG-CoA reductase is normally a stable enzyme with an extended half-life,
downstream products such as mevalonate, eterols and their derivatives like 25-
hydroxycﬁolesterol will promote the rapid and specific degradation of this enzyme
(McGee et al., 1996; Moriyama et al., 1998). Since HMG-CoA reductase is degraded
through the proteasome pathway (Moriyama et al., 1998), and mevalonate increases
the activity of the proteasome (this study), it follows that addition of mevalonate would

prorhote the degradation of this enzyme as reported (McGee et al., 1996).
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Materials and Methods:

Materials, ‘cell lines and culture conditions. Lovastatin was kindly provided by
William Henckler (Merck, Sharp and Dohme research Pharmaceuticals, Rahway, NJ).
Serum was purchased from Hycloné laboratories (Logan, Utah) and cell culture
médium from Life Technologies, Inc. (Grand Island, NY). All other chemicals used
were reagent grade. Before addition to cultures, lovastatin was converted frbm its
“inactive lactone pro-drug form to its active dihydroXy-opeh acid as described
previously (Keyomarsi, 1996; Keyomarsi et al., 1991). The pro—drUg was soIUbIe in
60% ethano! and pravastatin was soluble in water. The culture conditions for MDA-
MB-157 tumor cell lines were described previously (Keyomarsi and Pardee, 1993). All
cells were cultured and treated at 37°C in a humidified incubator containing 6.5%
CO,. Treatments with lovastatin, its pro-drug form, pravastatin, LLnL, or lactacystin
was performed as described pfeviously (Keyomarsi et al., 1991). Briefly, medium was
removed 24-36 hrs after the initial plating, and replaced with fresh medium in the
presence or absence of the aforementioned agents for 0-36 hrs. Cells were
harvested at the indicated times and flow cytometry analysis was performed. For
Fluorescence-Activated Cell Sorter (FACS) analysis 1’06 cells were centrifuged af
1,000 X g for 5 min, fixed by the gradual addition of ice cold 70% ethanol (30 min at
4°C), and washed with phosphate buffered saline. Cells were thén treated with
RNAse (10 pg/ml) for 30 minutes at 37° C, washed once with phosphate buffered
saline, and resuspended and stained in 1 ml of 69 uM propidiljm iodide in 38 an
sodium citrate for 30 minutes at room temperature. .The cell cycle phase distfibution
was determined by analytical DNA flow cytometry as described previously (Keyomarsi

et al., 1995).

Western blot analysis. Cell lysates were prepared and subjected to Western blot

analysis as previously described (Rao et al., 1998). Briefly, 50 pg of protein from each

21




condition was electrophoresed in each lane of a 10% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) and transferred to Immobilon P overnight at 4° C at
35mV constant volts. The blots were blocked overnight at 4 ° C in Blotto (5% nonfat dry

milk in 20mM Tris, 137 mM NaCl, 0.25% Tween, pH 7.6). After six, 10 minute washes

~in TBST (20mM Tris, 137mM NaCl, 0.05% Tween, pH 7.6), the blots were incub'ated in

primary antibodies for 3 hours. Primary antibodies used were p27 monoclonal

“antibody (Transduction Laboratories, Lexington, KY) at a diluti‘onv of 1:100, p21
 monoclonal antibody (Oncogene Research Products/Calbiochem, San Diego, CA) at

a dilution  of 1:100, and actin monoclonal antibody (Boehringer-Mannheim,

Indianapolis, IN) at 0.63 pg/ml in Blotto. Following primary antibody incubation, the
blots were washed and incubated with goat anti-mouse horseradish peroxidase
conjugate at a dilution of 1:5,000 in Blotto for 1 hour and finally washed and developed

with the Renaissance chemiluminesence system as directed by the manufacturers

(NEN Life Sciences Products, Boston, MA).

HPLC analysis of pro-drug, lovastatin and pravastatin: Reverse Pha.se High

Performance Liquid Chromatography (HPLC) was performed as previously described

(Stubbs et al., 1986). Briefly, a C 18 Novopac column was equilibrated with the

stationary phase of 0.1%TFA (trifluoroacetic acid). HPLC analysis was performed on a

Waters 625 chromatography system, using 90% acétonitrile as the mobile phase. For

" HPLC analysis, the stock solution of the pro-drug was made in DMSO, pravastatin

was dissolved in 0.1% TFA while lovastatin was prepared as described previously
(Keyomarsi et al., 1991). The drugs were further diluted in 0.1% TFAand 10 pg of the

diluted solutions were then loaded on to the HPLC column. DMSO was run on the
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- column as a solvent control. The separéted components were eluted and subjected

to mass spectrometry as described (Uchiyama et al., 1991).

- Assay for HMG-CoA reductase activity: The HMG-CoA reductase assays in MDA-

MB-157 cells wére performed as previously described (Larsson et al., 1989). Briefly,
80% confluent MDA-MB-157 cells were washed 3 times in cold PBS and harvested in
reaction buffer (200 mM phosphate buffer pH 7.4, 20 mM DTT, 40 mM glucose -6-
phosphate, 3 mM R-NADPH and 2 units/ml glucose-6-phosphatase). The cells were
then homogenized by sonication and the supernatant was collected following
centrifugation for 15 minutes at 20,000 X g. The supernatant was incubated with the
pro-drug, lovastatin, or pravastatin for 15 minutes at 37°C before the addition of the
[*C] HMG-CoA. The mixture was then incubated for another 1 hour at 37°C. Thé
reaction was stopped by the addition of 20 pl concentrated HCL and incubated for
another 30 minutes at 37 °C. 40u! of the éamples were spotted on a TLC plate with
'“c) mevalolactone (MVA) as running standard and developed with benzene: acetone
(1:1 ratio). The efficiency of the enzymatic reaction is a measure of conversion of [14,C]
HMG-CoA into MVA expressed as percent conversion. [“C] MVA formed was
quantitated with TINA2.09 program from Raytest USA (New Castle, DE) following
Phosphorlmager scanning of the TLC plates. The data were normalized to the

microsomal protein concentration which was evaluated with the BioRad reagent,

'.using the same buffer with the standards and for the blank.

- 20S proteasome activity assay: Seventy percent confluent MDA-MB-157 cells were

washed twice ih PBS and harvested in cold 5mM Hepes, pH 7.5, in the presence of
1mM dithiothreitol. The cells were then homogenized by brief sonication and
subjected to centrifugation for 10 minutes at 16000Xg at 4°C. The supernatant was

collected and protein concentration was determined with the BioRad reagent. For
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measurement of the 205 proteasorﬁe chymotrypsin peptidase activity, 10 pl of cellular
extract (100 ng) was diluted in a cuvette containing 2 ml of 20 mM Hepes, 0.5M EDTA,
pH 8, 0.035%SDS with the indicated concentrations of lactacystin, pro-drug, lovastatin
and pravastatin. (The proteasome assays of the pretreated cells were pérformed
following treatment of MDA-MB-157 cells with the indicated drugs). The above mixture
was incubated at 37°C before the addition of the fluorogenic substrate, 10 uM

succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin. Substrate hydro!ysis' was

“measured ' by continuous monitoring of fluorescence (emission at 440 nm, excitation

at 380 nM) of the liberated 7amino-4methylcoumarin for 15 minutes as described

(Dick et al., 1997).

355 metabolic labeling for MDA-MB-157 cells: MDA-MB-157 cells were grown to
70% confluency and treated with 40 puM B-lactone for 36 hours. Cells were then
washed with PBS and incubated in Dulbecco’s modified Eagle’s medium (DMEM)
withdut methionine and cysteine and with B-lactone or no drug for 2 hours. EXPRESS
[*°S]Protein labeling Mix (0.2 mCi; NEN/Dupont) was added, and the cells were pulse
labeled for 2 hours. Afterthe pulse the cells were washed three times in PBS and
methionine and cysteine were added to a final concentration of 100mg/liter. At the
indicated time points following the pulse, samples of cells were washed in PBS and

harvested in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, phenyl-

umethylsufonyl fluoride at 0.1 mg/ml, aprotinin at 30 pl/ml, and 0.1 mM sodium ortho-

vanadate). Following protein determination 300 ug of cell extracts were used for p21

and p27 immunoprecipitations with polyclonal antibodies against p27 or p21 (p27-

- C19, and p21-C19-G, Santa Cruz Biotechnology, Santa Cruz, CA) in lysis buffer

containing 50mM Tris buffer ph7.5, 250 mM NaCl, 0.1% NP-40, 25 ug/ml leupeptin, 25

- ug/ml aprotinin, 10 ng/ml pepstatin, 1 mM benzamidine, 10 pg/ml soybean trypsin

inhibitor, 0.5 mM PMSF, 50 mM NaF, 0.5mM sodium ortho-vanadate. The
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protein/antibody mixture was incubated with protein A Sepharose for 1 hour and the
immunoprecipitates were then washed four times with lysis buffer. ' The.
.immunoprécipitates were separated by SDS-PAGE (13%), gels were treated with

Fluoro-Hance (Research Products International, Mount Prospect, IL) and used for

autofluorography.
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Figure Legends:

Figure 1: Induction of CKils by the B-lactone form of lovastatin. A: Chromatographic

separation 6f Lovastatinv mixture and closed ring form. Lovastatin mixture (top) was
prepared and subjected to HPLC analysis as described (Keyomarsi et al., 1991;
Stubbs et al., 1986). The closed ring form of lovastatin (bottom) was prepared by
dissolv’ing the cbmpound in 100% ethanol. B: FractiOns corresponding to each HPLC

peak were collected and subjected to molecular weight determination by

| electfospray ionization quadrupole mass spectrometry analysis as described (Hall et

~al, 1993). In addition, the lovastatin mixture and closed ring forms were also

subjected to mass spec. analysis to determine the components of each reagent. C:
MDA-MB-157 tumor cells were treated with the indicated concentrations of lovastatin,
mixture (open and closed rings), lovastatin, closed R-lactone ring, or pravastatin for

36 hours. Following treatments, cells were harvested and cell lysates were prepared

and subjected to Western blot analysis (left panel): 50ug of protein extracts from

each condition were analyzed by Western analysis with anti-p21, anti-p27, or anti-
actin specific antisera and blots developed with the ECL reagent. Flow cytometry
analysis (right panel): percentage of cells in different phases of the cell cycle for each

treatment was determined from flow cytometric measurements of DN'A content.

Figure 2: Inactivation of HMG-CoAreductase enzyme by lovastatin. Microsomes

were prepared from subconfluent cultures of MDA-MB-157. 100 ug protein extract was

incubated in the presence of the indicated concentrations of lovastatin, pro-drug, or

pravastatin at 37 °C for 15 minutes. "“C-HMG-CoAwas added to each sample and
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vaft'er-a 1 hour incubation the reaction was stopped by the addition of HCI, and

samples were allowed to lactonize. The samples were theh resolved by TLC and
analyzed by phésphorimaging. The activity of HMG-CoA reductase is a measure of
the percent conversion of '“C-HMG-CoA into mevalolactone, the end product of the
HMG-CoA reductase. Symbols are (®) lovastatin mixture, (O) B-lactone, and (H)

pravastatin

FigAur.e 3. Induction of p21 and p27 by proteasome inhibitors. MDA-MB-157 tu»mor
cells were treated with (A) 40 uM of either lovastatin mixture (open and closed rings),
lovastatin closed B-lactone ring (pro-drug), or pravastatin for 36 hours, (B) 10 uM LLnL
for 0-36 hours, or (C) indicated concentrations 6f lactacystin for 24 hours. Following
treatments, cells were harvested and cell lysates were prepared and subjécted to
Western blot analysis: 50ug of protein extracts from each condition were analyzed by
Western analysis with anti-p21 or anti-p27 (or anti-actih, data» not shown) specific
ahtisera and blots developed with the ECL reagent. Brackets in panel VA point to the

high molecular weight laddering of p21 and p27 which are diagnostic for poly-

. ubiquitination of these proteins.

" Figure 4: Inhibition of the proteasome activity by the pro-drug form of lovastatin and

lactacystin: Cell extracts were prepared from either MDA-MB-157 cells (A) without
drug treatment or (B) treated with either lovastatin (lov) (40pM), R-lactone (B-lac) (40
uM), or lactacystin (lact) (1 pM) in the presence or absence of mevalonéte (mev) (5

i

mM) for 36 hours and assayed for proteasome enzyme activity. The extracts in panel A
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were incubated in fhe presence of the indicated concehtrations of the drugs for 20
minutes at 37°C at which point the fluorogenic peptide substrate (100 pM final
coneentration) for the chymotrypsin like activity of the proteasome (i.e. Suc-LLVY-AMC)
was added to extracts. The fluorescence assays (excitation/emiesion 380/440 nm)
were conducted at 37°C for 750 seconds. Each_experirﬁent was performed at Ieast
- three tivmes. The pre-treated extracts in panel B were not further incubated‘ in the
presence of the inhibitors and were directly assayed for the proteasome activity.

Symbols are (W) lactacystin, (O) B-lactone, (®) lovastatin mixture, and (O)pravastatin.

Figure 5: Increased stability of p21 and p27 by the pro-drug form of lovastatin. MDA- .

MB-157 cells were cultured in the presence or absence of 40 uM pro-drug for 36
hours at which point the cells were incubated for 4 hours with 39S-methionine and

35g-cysteine (pulse) and subsequently incubated in the presence} of an excess of
nenradioact.ive methionine and cysteine for the additional times indicated (ehase).
Cells were |yeed, extracts were adjusted for equal amounts of protein, and p21 and
p27 were precipitated from nondenatured protein extracts with polyclonal antibodies.
The immunoprecipitates were separated by SDS-PAGE and the radioactive p21 and
Ap27 were detected by autofluorography. Panel B shows differences in half-lives of
p21 and p27 in MDA-MB-157 cells treated with pro-drug. All data were quantitated on

the basis of Phosphorimager scans.

Figure 6: Mevalonate reversal of lovastatin, lovastatin pro-drug, and lactacystin. A

MDA-MB-157 cells were treated with the indicated concentration of lovastatin (lov) or
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the pro-drug in the presence or absence of 4 mM mevalonate (Mev) for 36 hours. -

Percentages of cells in different phasés of the cell cycle following each treatment
were obtained from flow cytometric measurements of DNA content from three
separate experiments and the averages of the values are indicated. As shown, both
Iovasiatin and its pro-drug inhibited DNA synthesis (i.e. decreased S phase) and
caused the accumulation of cells in G1 ’phase. Addition of mevalonate reversed the
G1 arrest mediated by both agents. B. MDA-MB-157 cells were treated with 10 uM
lactacystin (lact) in the_ p_fesence or absence of 10 mM or 50 mM mevélonate_ for 36
hours. Atthe end of treatment cells were subjected to flow cytometric measurement

of DNA content. Percent apoptosis reflects the accumulation of cells with sub-G1

" DNA content. Each treatment was repeated at least 3 times and the averages of the

values are indicate_d. C. Induction of the proteasome activity by mevalonate. MDA-MB- '
436 (closed symbols) and MDA-MB-157 (open symbols) were treated with the

indicated concentrations of mevalonate for 36 hours. Following treatment, crude cell

_ extracts were prepared and assayed for proteasomé enzyme activity by measuring the

chymotrypsin-like activity of the proteasome (described for Figure 4B). Values are

expressed as fold increase over no treatment controls.

Figure 7 : Cell cycle regulation by inhibitors of HMG-CoA Reductase and the

Proteasome: Symbols: L, positively regulates,

_@4 negatively regulates, ? mechanism not known
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Summafy

In this study we investigated the growth inhibitory‘ affects of UCN-01 in severél
normal and tumor-derived human breast epithelial cells. We found that while normal
mammary epithelial cells were very sensitive to UCN-01 with an 1Cso of 10 nM, tumor
cells displayed little to no inhibition of growt‘h with any measurable IC5, at low UCN-01

concentrations (i.e. 0-80nM). The UCN-01 treated normal cells arrested in G1 phase

‘and displayed decreased expression of most key cell cycle regulators examined,

resulting in inhibition of CDK2 activity due to increased binding of p27 to CDK2.
Tumor cells on the other hand displayed no change in any cell cycle distribution or
expression of cell cycle regulators. Examination of E6 and E7 derived strains of
normal cells revealed that pRb and not p53 function is essential for UCN-01 mediated
G1 arrest. Lastly, treatment of normal and tumor cells with high doses of UCN-01 (i.e.
300 nM) revealed a necessary role for a functional G1 checkpoint in mediating growth
arrest. Normal cells, which have a functional G1 checkpoint, always arrest in G1 éven
at very high concentrations of UCN-01. Tumor cells on the other hand have a
defective G1 checkpoint and only arrest in S phase with high concentrations of UCN-
01. The effect of UCN-01 on the cell cycle is thus quite different from staurosporine, a
structural analogue of UCN-01, which arrests normal cells in both G1 and G2, while
tumor cells arrest only in the G2 phase of the cell cycle. Our results show the different
sensitivity to UCN-01 of normal compared to tumor cells is dependent on a functional

pRb and a regulated G1 checkpoint.




Introduction

Protein kinases are essential for cellular signal transduction leading to differentiation,
gene eXpression, and tumor progression. Clinical and experimental studies have
already established the importance of protein kinase expression in the proliferation of
human breast cancer (1-3), suggesting that drugs that interrupt signaling pathways
mediated by protein kinases could be useful cancer therapeutic agents. UCN-01 (7-
hydroxystaurosporine), a staurosporine analogue initially developed as a selective
protein kinase C (PKC) inhibitor, was isolated from the culture broth of Strepfomyces
sp. in 1987 (4). Subsequent studies have shown that this compound inhibits PKC in

vitro. However, it also inhibits a variety of other kinases at nanomolar concentrations,

including PKC (IC50:4.1nM), PKA (IC50:42nM), CDK1 (IC50:31nM), CDK2
(IC50:30nM), CDK4 (IC50:32nM), MAPK (IC50:910nM), p60V-SIC and protein tyrosine
kinase (IC50:45nM) (5-8). Studies with cultured cells revealed that UCN-01 exhibited
potent anti—tumdr activity against several human cancer cell lines such as human
epidérmoid carcinoma A431, fibrosarcoma HT1080, acute myeloid leukemia HL-60,
human lung carcinoma A549, and breast carcinoma MDA-MB-468 cell lines (5,8-10).
UCN-01 also exhibited significant anti-tumor activities in several experimental animal
models in vivo (4,5,11). In addition, UCN-01 has been shown to enhance anti-tumor

activities of chemotherapeutic agents such as cisplatin, 5-fluorouracil, mitomycin C,

~ etc. in vitro and in vivo (12-16). Studies identifying the cellular pathways affected by

UCN-01 resulting in G1 arrest suggest that although UCN-01 possesses potent PKC-
inhibitory activity, inhibition of PKC activity is not essential for its growth inhibitory
activity (17). Recent studies on the role of cell cycle regulators in UCN-01 mediated
G1 arrest indicate that in human epidermoid carcinoma A431 cells, UCN-01 induced

G1 arrest was accompanied by decreased cyclin-dependent kinase 2 (CDK2) activity




and induction of CDK inhibitors p21 and p27 (18). However, the precise mechanism

of action of UCN-01 in either normal or tumor cells remains unresolved.

‘The roles of p53 and pRb, in UCN-01 mediated G1 arrest arg also still pending. p53

and the retinoblastoma protein (pRb) are two major tumor suppressors that are
frequently inactivated in human cancer (19-29). Alterations in p53 are linked to poor
prognosis, tumor progression, and decreased sensitivity to chemotherapeutic agents.
As an important G1 checkpoint regulator, p53 is involved in controlling the G1 to S
phase transition in response to DNA damage. p53 also blocks cell cycle progression
or induces apoptosis through transcriptional activation of downstream genes
fncluding the CDK inhibitor p21. Similar to p53, pRb also functiOns as a negative
regulator of cell cycle. Phosphorylation of pRb is necessary for the progression
through G1 and is regulated primarily by cyclin D/CDK4 /ICDK6 complexes. The hypo-
phosphorylated pRb serves as a tumor suppressor by interacting with and inhibiting
cellular proteins such as E2F-DP heterodimeric transcription factors which activate

many genes required for DNA replication pivotal for G1/S transition (30-33).

The activities of CDKs are regulated by positive regulators such as cyclins and CAK
(CDK-activating kinase), and by negative regulators such as cyclin-dependent-kinase

inhibitors (CKls) (34-36). There are two families of structurally distinct CDK inhibitors,

| one is the INK family of proteins which include p16, p15, p18, and p19, the other is

CIP/KIP family of proteins including p21, p27, and p57 (37-40). The CDK inhibitor p21
is a p53-regulated gene (41,42), but can also be induced through a p53 independent
pathway (43,44). The INK family of CDK inhibitors target the CDK4 and CDK6 and
prevent their interaction with cyclin D. The CIP/KIP family of CDK inhibitors bind to
cyclin/lCDK complexes and inhibit their activity. More recently, it has been reported that

the CIP family of CDK inhibitors also function as adaptor molecules, which promote




the association of CDK4 with D-type cyclins and increase CDK4 kinase activity (45-
49). Therefore, the CIP/KIP family of CDK inhibitors have both an adaptor/activating

function as well as a kinase inhibitory function depending on which cyclin/CDK they

are in complex with. ar

Even though UCN-01 is currently in phase 1 clinical trials in both the United States
and Japan, there are several questions on the growth inhibitory effect of this agent in
normal and tumor cells. In this study we examined the growth inhibitory activity and
other cell cycle perturbations mediated by UCN-01 in several normal and tumor-
derived breast epithelial cells. Our results reveal three novel findings on the sénsitivity
and mechanism of action of UCN-01 in normal and tumor cells. First, we document a
significant difference in sensitivity to UCN-01 between normal and tumor cells. UCN-
01 is capable of inducing a G1 arrest in normal cells at vefy low concentrations (i.e 10
nM), while in tumor cells concentrations up to 80 nM did not result in a significant
growth inhibition. Furthermore, we show that the UCN-01 mediated G1 arrest only
occurs in normal cells and is concomitant with inhibition of CDK2 activity, decreased
phosphorylation of pRb, and increased binding of p27 to CDK2. Secondly, we show
that UCN-01 mediated G1 arrest is p53 independent and pRb dependent using the
E6 and E7 transformed strains of the normal cells. Lastly, we show that at very high
concentrations, there is a major difference in the mechanism by which UCN-O1'
mediates growth inhibition in normal versus tumor cells. Treatment of normal cells
with UCN-01, at all concentrations examined (i.e. up to 300 nM), results only in G1
arrest, unlike staurosporine which arrests normal cells in both G1 and G2. Treatment
of tumor cells, on the other hand, with high concentrations of UCN-01 results only in
an S phase arrest, unlike staurosporine which arrest tumor cells only in G2. We show
that this difference in UCN-01 mediated perturbation of normal versus tumor cells is

also pRb dependent. Collectively our studies suggest that the mechanism of




differential sensitivity of UCN-01 in normal versus tumor cells is dependent on a

regulated G1 checkpoint involving a functional pRb pathway.




Experimental Procedures:

Materials, Cell lines, and culture conditions: UCN-01 was provided by the National
Cancer Institute. Serum was purchased from Hyclone Laborat?ries (Logan, Utah) and
cell culture medium from Life Technologies, Inc. (Grand. Island, NY). All other
chemicals used were reagent grade. The culture conditions for 76N, 81N, and 70N
normal cell strains, MCF-10A immortalized cell line, énd MCF-7, ZR75T, MDA-MB-157,
Hs578T, T47D, and MDA-MB-231 breast cancer cell lines were described previously
(50,51). 76N-E6 and 76N-E7 cell lines (gifts from Dr. V Band, Tufts Medical Institute

Boston, MA) were immortalized and cultured as described previously (52,53). All cells

were cultured'and treated at 37°C in a humidified incubator containing 6.5% CO2 and

maintained free of mycoplasma as determined by Hoechst staining (54).

MTT assay: The MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium  bromide)
assay was performed as described (55). Exponentially growing cells were counted by
a Coulter Counter (Halieah, Florida) and plated at a density of 25,000 cells/ml in the
wells of 96 well tissue culture plates (200 pl culture fluid per well) and allowed to
recover for 24 hours prior to drug treatment. Cells were incubated with the indicated

concentration of UCN-01 or staurosporine for 48 hours and subjected to the MTT

* survival assay. Each data point represents the average of six determinations, and the

MTT assay for each experimental condition was performed at least 3 times.

Cell Synchronization and flow cytometry: Normal mammary epithelial (81N) cells
were synchronized at the G1/S boundary by a modification of the double thymidine
block procedure as described (56). Briefly, 48 h after the initial platirig of cells, the

medium was replaced with fresh medium containing 2mM thymidine for 24 h. This




medium was then removed, the cells were washed trice, and subsequently incubated
in fresh medium lacking thymidine for 12 h. Next, cells were again incubated in
medium containing 2mM thymidine, as above, washed with fresh medium, and
incubated in thymidine free medium in the presence or absence of 300 nM UCN-01.
Cells were harvested at the indicated times, cell density was measured using a
Coulter Counter and flow cytometry analysis was performed. For flow cytometry
studies, 100 cells were centrifuged at 1000 X g for 5 min, fixed with ice-cold 70%
ethanol (30min at 4° C), and washed with phosphate buffered saline (PBS). Cells
were suspended in 5 ml of PBS containing 10 pg/ml RNase, incubated at 37° C for 30
min, washed once with phosphate buffered saline, and resuspended in 1 ml of 69 uM
propidium iodide in 38 mM sodium citrate. Cells were then incubated at room -
temperature in the dark for 30 min. and filtered through a 75 mm Nitex mesh. DNA
content was measured on a FACScan flow cytometer system (Becton Dickinson, San

Jose, CA), and data were analyzed using ‘CELLFIT software system (Becton

Dickinson).

Blotting, Inmunoprecipitation, and H1 Kinase Analysis: Cell lysates from UCN-01
treated cells were prepared and subjected to Western blot analysis as previously
described (45). Briefly, 50 pg of protein from each condition was electrophoresed in

each lane of either a 7% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)

| (pRb), 10% SDS-PAGE (p53, cyclin A, cyclin D1, cyclin D3), 13% SDS-PAGE (p21, p27,

CDK2, CDK4), or a 15% SDS-PAGE (p16), and transferred to Immobilon P overnight
at 4° C at 35mV constant volts. The blots were blocked overnight at 4 © C in Blotto (5%
nonfat dry milk in 20mM Tris, 137 mM NaCl, 0.25% Tween, pH 7.6). After six, 10
minute washes in TBST (20mM Tris, 137mM NaCl, 0.05% Tween, pH 7.6), the blots
were incubated in primary antibodies for 3 hours. Primary antibodies used were pRb

monoclonal antibody (PharMingen, San Diego, CA), at a dilution of 1:100, monoclonal




antibody to p16 (a gift from Jim DeCaprio, Dana Farber Cancer Institute) at a dilution
of 1:20, CDK2, CDK4, and p27, monoclonal antibodies (Transduction Laboratories,
Lexington, KY) each at a dilution of 1:100, p21 and p53 monoclonal antibodies
(Oncogene Research Products/Calbiochem, San Diego, CA) at a dilution of 1:100
cyclin D1 monoclonal antibody (Santa Cruz Biochemicals, Santa Cruz, CA) at a
dilution of 1:100, and actin monoclonal antibody (Boehringer-Mannheim,
Indianapolis, IN) at 0.63 pg/ml in Blotto. Following primary antibody incubation, the
blots were washed and incubated with goat anti-mouse horéeradish peroxidase
conjugate at a dilution of 1:5,000 in Blotto for 1 hour and finally washed and developed
with the Renaissance chemiluminesence system as directed by the manufacturers

(NEN Life Sciences Products, Boston, MA).

For immunoprecipitations followed by Western blot analysis 300 ug of cell extracts
were used per immunoprecipitation with polyclonal antibody to CDK2 (45) or CDK4
(Santa Cruz Biochemicals, Santa Cruz, CA) in lysis buffer containing 50mM Tris buffer
pH 7.5, 250 mM NaCl, 0.1% NP-40, 25 ug/ml leupeptin, 25 ug/ml aprotinin, 10 pg/ml
pepstatin, 1 mM benzamidine, 10 pg/ml soybean trypsin inhibitor, 0.5 mM PMSF, 50
mM NaF, 0.5mM sodium ortho-vanadate. The protein/antibody mixture was incubated
with protein A Sepharose for 1 hour and the immunoprecipitates were then washed
twice with lysis buffer and four times with kinase buffer (50mM Tris HCL pH 7.5, 250
mM NaCl, 10 mM MgCI2, 1 mM DTT and 0.1 mg/ml BSA). The immunoprecipitates

were then electrophoresed on 13% gels, transferred to Immobolin P, blocked and
incubated with the indicated antibodies at dilutions described above. For Histone H1
kinase assay the immunoprecipitates were incubated with kinase assay buffer
containing 60 uM cold ATP and 5 uCi of [32P] ATP in a final volume of 50 ! at 37°C for
30 minutes. The products of the reaction were then analyzed on a 13% SDS-PAGE

gel. The gel was then stained, destained, dried and exposed to X-ray film. For




quantitation, the protein bands corresponding to histone H1 were excised and the

radioactivity of each band was measured by Cerenkov counting.
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RESULTS

UCN-01 selectively arrests normal, but not tumor, cells in G1. We initially
investigated whether UCN-01 has a different growth inhibitory,effect in normal versus.
tumor cells. For this purpose we examined the effects of UCN-01 in several normal
and tumor-derived breast epithelial cells (Fig 1). The normal cells examined were
76N and 81N (both mortal). We also examined MCF-10A, a near diploid immortalized
cell line as well as 4 breast cancer cell lines with different p53 and pRb status (45).
Following treatment of cells with 0-80 nM UCN-01 for 48 hours, growth inhibition was
analyzed by the MTT assay (Fig 1A), and the effect of UCN-01 on cell cycle distribution
was examined by flow cytometry (Fig 1B). The data clearly shoWs that normal breast
epithelial cell strains 76N and 81N were highly sensitive to UCN-01, revealing a 60-
70% growth inhibition following treatment with only 20nM UCN-01 and an ICsg of 10-12
nM. Breast cancer cell lines T47D and MDA-MB-157 cells showed little to no
response to UCN-01 over the coﬁcentration range examined. MCF-10A, MCF-7 and
MDA-MB-436, showed an intermediate response to UCN-01 with a 20-25% growth
inhibition at 40nM, and less than 50% growth inhibition at 80nM of UCN-01. These
results demonstrate that at low concentrations (i.e. 0-80 nM) normal cell strains are
much more sensitive to UCN-01 than tumor cells. Flow cytometry analysis revealed

that treatment of normal cells (76N and 81N) with UCN-01 resulted in a significant

" accumulation of cells in the G1 phase of the cell cycle (i.e an increase of 15% in G1

phase) in a dose dependent fashion (Fig 1B). The G1 accumulation in normal cells
Was concurrent with an S phase decrement (Fig 1B), while G2+M phase had no
significant change (data not shown). The partial growth inhibition of UCN-01 in MCF-
10A and MCF-7 cell lines was due to a slight (less than 5%) accumulation in G1 (data
not shown). Lastly, UCN-01 was ineffective in inducing any accumulation in the G1

phase of the cell cycle in MDA-MB-157 or MDA-MB-436 cell lines. In fact treatment of
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MDA-MB-436 cells with 80 nM UCN-01 resulted in a slight increase in S phase (Fig 1B
and see below). The data from figure 1 suggests that UCN-01 selectively mediates

growth inhibition in normal but not tumor cells by arresting the cells in the G1 phase of

the cell cycle. o

UCN-01 mediated G1 arrest in normal cells results in inactive cyclin/CDK2
complexes due to increased p27 binding to CDK2. To determine which key cell cycle
regulators were required for UCN-01 mediated G1 arrest in normal cell strains, we
~examined the expression of several positive and negative cell cycle proteins in both
76N and 81N mortal cell strains. Both normal cell strains were treated with the
indicated concentrations of UCN-01 for 48 hours at which point cells were harvested
and subje}cted to Western blot analysis with antibodies to p27, p21, p16, pRb, p53,
CDK2, CDKA4, cyclin D1, and cyclin D3 (Fig 2A). These analysis revealed that the total
levels p53 and pRb tumor suppressor proteins decreased significantly in the normal
cell strains following UCN-01 treatment. In untreated cells pRb is present in both its
phosphorylated (upper band) and unphosphorylated (lower band) forms. However
the only form of pRb remaining at 40-80 nM UCN-01 is its hypo-phosphorylated form.
The generation of hypo-phosphorylated pRb occurred concomitantly with growth
inhibition, G1 arrest, decreased expression of cyclin D1, cyclin D3, CDK2 and CDK4 iﬁ
.a dose dependent manner following UCN-01 treatment (Fig 2A)

The simultaneous decrease in p53 and p21 (Fig 2A) in normal cells suggest that in
these cells p21 expression may be strongly influenced by p53. The levels of p27 were
unchanged following UCN-01 treatment. This analysis raised the question whether
p21 and p27 play a role in UCN-01 mediated G1 arrest. Does the decrease in the
CDK4 and CDK2 levels in response to UCN-01 contribute to this arrest? A likely
explanation for the UCN-01 mediated G1 arrest is that UCN-01 treatment results in

12




the inhibition of CDK2 activity necessary for cells to overcome the G1 restriction point.
In order to examine the kinase activity associated with CDK2 in normal cells, we
measured the phosphorylation of histone H1 in immunoprecipitates prepared from
UCN-01 treated ‘cells using an antibody to CDK2 (Fig 2 D). 'I;geatment of normal cells
with UCN-01 caused a rapid decrease of CDK2 activity. At 40 nM UCN-01 (the
concentration causing G1 arrest) and pRb hypo-phosphorylation) the level of CDK2

activity reaches its nadir.

To determine if the decreased activity of CDK2 is due to its association with CKis, a
two step experiment consisting of an immunoprecipitation with anti-CDK2 antibody
followed by Western blot analysis with p21 or p27 was performed (Fig 2B). The
decreased CDK2 activity observed (Fig 2D) was coupled with increased binding of
p27 to CDK2 in the normal cells. The binding of p21 to CDK2 however, decreased in
these cells (Fig 2B). These observations raise the question, why is there increased

binding of p27 to CDK2 in normal cells (Fig 2B) when the levels of p27 don't change?

Recently several laboratories have proposed that p21 and p27 can function as
adaptor molecules, which promote the association of CDK4 with D-type cyclins and
increase CDK4 kinase activity (45-49). Since UCN-01 causes the arrest of cells,
apparently by increasing binding of p27 to CDK2 complexes (Fig 2B), it can be
hypothesized that this increased binding ‘may be due to the switching of p27 from
CDK4 to CDK2, mediated by UCN-01. To test this hypothesis we examined the
association of p21 and p27 to CDK4 following UCN-01 treatment (Fig 2C). Our
results clearly demonstrate that in untreated normal cells p21 and p27 bind to CDK4,
and upon treatment with UCN-01, both p21 and p27 are released from CDK4 in a
dose dependent fashion (Fig 2C) which corresponds to the binding (i.e. switching

partners) of p27 to CDK2 (Fig 2B). Our results suggest that UCN-01 mediated G1
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arrest in normal epithelial cells is through decreased expression of CDK4 and CDK2.
As CDK4 decreases p27 is released to bind to CDK2, resulting in a decreased CDK2
kinase activity and decreased phosphorylation of pRb.

UCN-01 has no effect on cell cycle regulators in tumor cells. While UCN-01 had a
profound affect in inducing G1 arrest and lowering the exbression of key cell cycle
regulators in normal cells, tumor cells showed no significant change in any of the cell
cycle regulators examined (Fig 3). FUrthermore, although the expression of some of
these regulators was different between the 3 different tumor cell lines examined,
within each tumor cell line the levels remained unchanged. For example, the levels of
cyclin D1, CDK2 and CDK4 were the same within and between each cell line,
following UCN-01 treatment. Cyclin D3 is overexpressed in MCF-7 cell line,
moderately expressed in MDA-MB-157 and not expressed in MDA-MB-436 cells.
MCF-7 cells was the only cell line examined which was wild-type for p53 and pRb and

no significant change in the levels of these tumor suppressors was observed

following UCN-01 treatment. Although pRb is expressed in MDA-MB-157 cells, it is

functionally inactive as previously reported (57). Lastly, the levels of p21 and p27 are
elevated in MCF-7 compared to the other two cell lines, while p16 was absent in MCF-
7 and overexpressed in MDA-MB-157 and MDA-MB-436 (Fig 3). We also examined

the CDK2 kinase activity in these tumor cell lines and as expected the activity of CDK2

~ was unchanged following UCN-01 treatment in all tumor cell lines examined (data not

shown). These results suggest that tumor cells have lost the checkpoint control

affected by UCN-01 resulting in no growth inhibition or cell cycle perturbation following

treatment.

UCN-01 mediated G1 arrest is through a p53 Independent and pRb Dependent

Pathway. To directly determine if alterations in p53 or pRb mediate G1 arrest in
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normal but not tumor cells, we examined the effects of UCN-01 in E6 and E7 strains
of 76N cells. 76NE6 and 76NE7 are immortalized cell strains derived from normal
mammary epithelial cell strain 76N by infection with human papilloma virus (HPV) '
16E6 .or 16E7 (52,53). The E6/p53 and E7/pRb, interaction promote
degradation/inactivation of p53 and pRb respectively, resulting in the loss of the
normal phenotype (58-60). We initially examined the pattern of growth inhibition of
UCN-01 in 76NE6 and 76N-E7 as compared to the parental 76N cells (Fig 4A). This
analysis revealed that 76NE6 were as sensitive to the growth inhibitory activity of
UCN-01 as 76N parental cell strain with a super-imposable dose response curve and
an ICs, of 10nM. 76NE7 cells were much more resistant to UCN-01; however, their
growth was also retarded with an ICso of 75 nM (Fig 4A). Flow cytometry analysis
revealed that the UCN-01 mediated growth inhibition in 76NE6 and 76NE7 cells were
quite different. Treatment of 76NE6 cells resulted in accumulation of cells in the G1

phase of the cell cycle with a concomitant decrease in S phase cells (Fig 4A) identical
to the pattern observed in 76N cells following drug treatment (Fig 1B). Howevér,
treatment of 76NE7, pRb deficient, cells resulted in accumulation of cells in S phase
at 80nM UCN-01 with a concomitant decrease in the G1 phase, opposite to the
pattern observed with 76NE6, p53 deficient cells (Fig 4B). This data suggests that

UCN-01 induced G1 arrest is dependent on a functional Rb, but not a functional p33.

| Next we examined the expression of key cell cycle regulatory proteins in 76NE6 and
76NE7 cells following UCN-01 treatment (Fig 5A). 76NE6 cells are devoid of p53, but
express pRb at very high levels. Treatment of these cells with UCN-01 resulted in
accumulation of the hypo-phosphorylated form of Rb, a decrease in CDK4 levels, and
an increase in p21 and p27 levels. The levels of CDK2 and cyclin D1 remained
unchanged during the course of treatment and p16 levels were undetectable 76NE7

cells, on the other hand express p16, apparently due to pRb mutation (61,62).
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Treatment of 76NE7 cells with UCN-01 resulted in no detectable changes in any of
the cell cycle regulators examined (Fig 5A). Next we measured the binding of p21 and
p27 to CDK2 and CDK4 in 76NE6 énd 76NE7 cells (Fig 5B,C). This analysis revealed
that in 76NE6 cells the binding of p21 and p27 to CDK2 increased, while in 76NE7
cells the binding of these CKls to CDK2 or CDK4 remained unchanvged. Furthermore
the increased binding of both CKls to 76NE6 cells was concomitant with decreased
binding of p21 and p27 to CDK4 suggesting a switching of partners of these CKls
from CDK4 to CDK2 mediated by UCN-01 (Fig 5B,C). Lastly, measurement of CDK2
activity in 76NE6 and 76NE7 cells revealed that treatment of 76NE6 cells with UCN-01
resulted in a dose dependent decline in the kinase activity with maximurﬁ inhibition
achieved at 40 nM. The increased expression and binding of p21 and p27 to CDK2
observed (Fig 5B) contributes to the inhibition of CDK2 kinase activity in 76NE6 cells.
The CDK2 activity in 76NE7 cells, on the other hand, was completely unabated by
UCN-01 treatment. These results strongly suggest that the UCN-01 mediated growth
inhibition, G1 arrest, and decreased CDK2 activity are p53 independent, but pRb

dependent.

High concentrations of UCN-01 induces S phase arrest in tumor and 76NE7 but not
normal and 76NE6 cells. While examining the cell cycle effects of UCN-01 in tumor

(Fig 1) and 76NE7 (fig 4B) cells we noticed that treatment with 80 nM UCN-01 resulted

ina slight increase in S phase and no G1 accumulation. These results raised the

question if UCN-01 treatment of cells without a regulated G1 checkpoint and/or
functional pRb could lead to only an S phase arrest. To explore this possibility we
examined cell cycle phase distribution of 76NE6 and 76NE7 cells at low (i.e. 80 nM)
and high (i.e 300 nM) concentration of UCN-01. At 300 nM the growth of both cell types
is completely inhibited (data not shown). We observed a clear difference between the

ability of 76NE6 cells and 76NE7 cells to arrest in G1 or S phase (Fig 6). Treatment of
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76NE6 cells, which have an intact pRb, with any concentration of UCN-01 resulted
only in a G1 arrest. However, treatment of 76NE7 cells, which have no detectable
pRb, results in only an S phase arrest at higher concentrations of UCN-01 (i.e 2
80nM) (Fig 6). These results suggest that the disruption of the pRb pathway
abrogates the ability of cells to arrest in G1 in response to UCN-01 treatment, instead

they arrest in the S phase of the cell cycle.

To determine if synchronization of normal cells would sensitize their ability to arrest in
S versus G1 phase, we synchronized 81N normal cells in the G1/S boundary by
double-thymidine block prior to UCN-01 treatment (Fig 7). Under these conditions up
to 30% of the cells (i.e. 3 fold higher than the asynchronous controls) accumulate in S
phase following release from this block, and the cells undergo synchronous traverse
through the cell ‘cycle for the duration of the experiment (Fig 7). Following the double
thymidine block, cells were treated with 300 nM UCN-01 for 3 to 12 hours. We used a
high (i.e. 300 nM) concentration of UCN-01, since this concentration was sufficient to
arrest 76NE7 cells in the S phase of the cell cycle (Fig 6). At every time interval
examined, treatment of 81N with UCN-01 resulted in the accumulation of cells in the
G1 but not S phase of the cell cycle (Fig 7). Hence, the UCN-01 mediated G1
accumulation occurred in both asynchronous and synchronized cells. Our results
suggest that normal cells, with a functional pRb and G1 checkpoint, are incapable of
| arresting in any other phase but G1 upon treatment with UCN-01, no matter what their

cell cycle distribution is prior to treatment.

The results obtained with UCN-01 treated normal cells are quite different than those
with staurosporine treated cells. It has been well documented that staurosporine, a
close structural analogue of UCN-01, can arrest normal cells in both G1 and G2

phases of the cell cycle, and tumor cells in only the G2 phase of the cell cycle. Our
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results show that UCN-01, also known as 7-hydroxy staurosporine, arrests normal
cells in G1 and tumor cells in S phase when used in high concentrations. To compare
the effects of staurosporine and UCN-01 in normal versus tumor cells we treated 2
normal cell strains and 2 tumor cell lines with equally cyfotoxic concentrations of
UCN-01 and staurosporine (Fig 8). UCN-01 and staurosporine produced quite
different effects. These results show that as predicted normal cells respond to high
concentrations of staurosporine by arresting in both G1 and G2. However, treatment
of these cells with high concentrations of UCN-01 resulted to only a G1 arrest.
Furthermore, tumor cells, which have a defect in the pRb pathway, respond to high
concentrations of staurosporine by arresting predominately in the G2 phase of the cell
cycle. On the other hand, the same tumor cells respond to UCN-01 mediated growth
inhibition by arresting in the S phase of the cell cycle (Fig 8). These results clearly
indicate that normal and tumor cells respond to these very close strubtural analogues
quite differently. Furthermore, the ability of cells to arrest in either G1 or S phase by
UCN-01 is dictated by a functional pRb, while the ability of cells to arrest in G2 by

staurosporine is independent of pRb.
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Discussion:

In this manuscript we investigated the growth inhibitory effects and cell cycle
pathways affected by UCN-01 in several normal and tumor-gerived breast epithelial
cells. This data revealed three novel findings: First, we found that normal cells are
significantly more sensitive to UCN-01 than tumor cells. Treatment of normal cells
with concentration as low as 10 nM resulted in 50 % growth inhibition. Tumor cells
were much more resistant to growth inhibitory effects of UCN-01 and concentrations
as high as 80 nM resulted in minor to no growth inhibition. The normal cells used in
this study were normal cell strains which were established from reduction
mammoplasty samples of non-tumor bearing women (63). These cells have not lost
their growth factor requirements and they undergo senescence after several
passages. They are normal, diploid, mortal cells with regulated checkpoint control.
As shown in figures 1 and 2 these cells are very sensitive to UCN-01. On the other
hand MCF-10A cell line, a near diploid immortalized cell line, with reduced growth
factor requirements were much more resistant to the growth inhibitory activity of UCN-
01. In fact the growth inhibitory activity of UCN-01 in MCF-10A was similar to that of
MCF-7 and MDA-MB-436, two cancer cell Iin_es used in this study (Fig 1A). These
observations suggest that the pathways altered by the immortalization process

makes MCF-10A cells resistant to the effects of low concentrations of UCN-01.

The growth inhibitory effects of UCN-01 in normal cells are due to a G1 arrest. We
show that such an arrest was concomitant with decreased pRb phosphorylation and
CDK2 activity, coincident with increased binding of p27 to CDK2 and switching of p27
from CDK4 to CDK2. There were no significant cell cycle perturbations observed in
tumor cells by UCN-01. Several studies have reported that UCN-01 inhibits cell cycle

progression from G1 to S phase in various mammalian transformed cell lines
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(5,11,18). However, it is not clear from these studies why some cells respond .to
UCN-01 by arresting in the G1 phase of the cell cycle while others accumulated in S
phase. In this study we clearly show that normal cells with a regulated G1 checkpoint
respond to UCN-01 by arresting in G1 while tumor cells, depending on their pRb
status arrest either in G1 or S. For example, both MCF-7 cells and MCF-10A cells
which have an intact pRb respond to the growth inhibitory activify of UCN-01 by
arresting in the G1 phase of the cell cycle (data not shown). However MDA-MB-436,
T47D, and MDA-MB-157 cell lines which are pRb negative, arrest in the S phase of the |

cycle (Fig 8 and data .not‘ shown).

Secondly, our studies suggest that the pRb pathway is involved in UCN-01 inhibition
of growth in normal but not tumor cells. Using the 76NE6 and 76NE7 model system

~ where the HPV E6 and E7 proteins bind to and degrade p53 and Rb réspectively, we
found that UCN-01 inhibited the growth, and perturbed key cell cycle regulatory

proteins in 76NE6 similarly to that of the parental 76N normal cell strain (Fig 2 & 5).
However, UCN-01 was incapable of mediating G1 arrest or perturbing the cell cycle
regulators in 76NE7 cells (Figs 4-6). These results clearly suggest that pRb plays a
crucial role in UCN-01 mediated G1 arrest. Both pRb and p53 have been previously
implicated in UCN-01 mediated growth inhibition in different cell lines. For example,

treatment of a human epidermoid carcinoma A431 cell line which is mutated for p53

| but wild-type for pRb with UCN-01 is associated with dephosphorylation of pRb and

G1 arrest (18). Similarly treatment of MDA-MB-468 breast cancer cell line, which is
mutant for p53 (64) and null for pRb (24), with UCN-01 resulted in accumulation of
cells in S phase resulting in block of progression through S phase (11). In other
studies treatment of leukemic cells with 300 nM UCN-01 resulted in S phase arrest
(8). The latter studies also suggested that the inhibition of PKC alone is not sufficient

for the growth inhibitory activity of UCN-01, rather inactivation of CDKs correlates and
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could mediaté the actions of UCN-01. Our cell cycle studies in normal breast cells
clearly confirm this conclusion (Figs 1-2). Collectively, the aforementioned studies
show that UCN-01 arrests different tumor cells in G1 or S, which is also consistent
with our studies. The novel conclusion of our studies is that the UCN-01 mediated G1
arrest is dependent on a functional pRb and when cells contain a mutant or non-

functional pRb, they arrest in the S phase of cell cycle in response to UCN-01.

Lastly, we show that normal and tumor cells respond differently to high concentrations
of UCN-01 as compared to staurosporine. Treatment of normal cells with either high
(300 nM) or low concentrations of UCN-01 results in only a G1 arrest. Furthermore,
synchronization of normal cells in the G1/S boundary prior to their treatment with UCN-
01 did not alter their response to G1 arrest mediated by UCN-01 (Figs 7 and 8). On
the other hand, treatment of tumor cells with high concentrations of UCN-01
completely inhibits their growth by arresting them in thg S phase of the cell cycle (Fig
8). The effect of UCN-01 on normal and tumor cells is very different than its structural
analogue, staurosporine, which arrests normal cells in G1 and G2 an'd tumor cells
only in G2 (Fig 8). The G2 (staurosporine) versus S (UCN-01) phase arrest seen in
the same tumor cells treated with equally toxic concentrations of these two drugs (Fig
8) is very surprising, since these two agents are structural analogues and differ only
in the presence of a 7-OH group on UCN-01. Although this structural difference is
| subtle the two agents have different specificity toward CDKs. In a series of
experiments [reviewed in (65)] aimed at examining the specificity of UCN-01 and
staurosporine toward different proteins kinases, it was discovered that even though
the IC50s of these two structural analogues against purified PKC were similar (i.e. 7
nM for UCN-01, and 5 nM for staurosporine), their IC50s toward CDKs were quite
different. UCN-01 displayed IC50s of 30-32nM against purified CDK1, CDK2 and
CDK4. On the other hand, staurosporine displayed IC50s of 3-9 nM against CDK1
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and CDK2, and <10,000 um against CDK4. These studies suggest. that the
mechanism by which UCN-01 and staurosporine mediate their growth inhibitory
effects may be different, and that CDKs and not PKC could dictate such difference.
The common link between UCN-01 and staurosporine is that at low concentrations,
both agents arrest normal cells in G1 and such an arrest is lost in tumor cells. The
mechanistic basis of staurosporine induced G1 arrest in nbrmal cells and its loss in
tumor cells was recently reported to be through pRb (66). Using mouse embryonic
fibroblasts (MEFs) from transgenic mice lacking p53, p21, pRb, or p16, the authors
cleafly show that although p53-function was not essential for staurosporine induced
G1 arrest, pRb was sAince MEFs from pRb knockout mice were incapable of arresting
in G1 (66). These and other studies performed on bladder carcinoma cell line 5637
(67) prdvided strong support for the importance of pRb in inducing G1 arrest in cells
by staurosporine. The studies we have presented here also provide strong evidence
for the role of pRb in UCN-01 mediated G1 arrest in normal cells and loss G1 arrest
in tumor célls Iacking pRb. Thus the ability of both UCN-01 and staurosporine to
induce G1 arresf seems to be through pRb, independent of p53. The difference
between these two agents is 2 fold: First, these two agents are different in their ability
to induce either G2 arrest, with staurosporine, or S phase arrest, vwith UCN-01.
Secondly, staurosporine induces G2 arrest in both normal and tumor cells, while
UCN-01 mediates S phase arrest only in tumor cells. The mechanism by which UCN-
01 induces S phase arrest in tumor but not normal cells although unclear at this point,
does not involve either p53 or pRb since treatment of tumor cells lacking both p53 and

pRb resulted in S phase arrest.

In summary, our results show that UCN-01 can induce G1 arrest in normal cells at

very low concentrations while tumor cells are completely resistant to UCN-01
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mediated G1 arrest. This G1 arrest is independent on p53, and dependent on pRb.
We also show that tumor cells respond to UCN-01 induced growth inhibition by
arresting in S phase independent of either p53 or pRb. Understanding the
mechanism by which tumor cells arrest in S phase in resppnse to UCN-01 could

provide insight into the regulation of the S phase checkpoint in normal and tumor

cells.
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Figures and legends

Figure 1. Normal cells are significantly more sensitive to UCN-01 than tumor cells.
(A) Seven different human breast epithelial cell lines comprised of normal cell strains
(76N, 81N), immbrtalized ce_ll line (MCF10A) and breast tumor cell lines (MCF-7, MDA-
MB-157, MDA-MB-436, and T47D) were treated with UCN-01 at 0, 10 20, 40, and 80nM
for 48h. Growth inhibition by UCN-01 was measured by the MTT assay. The
experiment was repeated 3 times and error bars are indicated for each condition and
each cell line. In most cases the error bars were smaller than the symbol size and
cannot be seen. (B) Percent change in cell cycle distribution of cells in G1 and S
phase following UCN-01 treatment of normal (76N and 81N) and tumor (MDA-MB-157
and MDA-MB-436) cells. The bar graph reflects the percent change of G1 and S

phases of UCN-01 treated cells relative to the untreated controls, for each cell line.

" Figure 2. Cell cycle perturbation induced by UCN-01 in normal cell strains. Normal

cell strains (76N and 81N) were treated with the indicated concentrations of UCN-01
for 48 hours. Fo|IoWing treatment cells were harvested, cell lysates prepared and‘
subjected to (A) Western blot analysis, (B) CDK2 immune-complex formation, (C)
CDK4 immune-bomplex formation, and (D) Histone H1 kinase analysis. For Western

blot analysis 50 pg of protein extract from each condition was analyzed by Western

. blot analysis with the indicated antibodies or actin used for equal loading. The blots

were developed by chemiluminescence reagents. The same blots were sequentially

hybridized with different antibodies (see Materials and Methods). The blots were

stripped between the antibodies in 100 mM 2-mercaptoethanol, 62.5 mM Tris-HCl (pH
~ 6.8), and 2% SDS for 10 min at 55°C. For immunoprecipitation followed by Western

blot analysis, equal amounts of protein (300 pg) from cell lysate prepared from each

cell line were immunoprecipitated with anti-CDK2 (polyclonal) (B) or anti-CDK4
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(polyclonal) (C) coupled to protein A beads and the immunoprecipitates were
subjected to Western blot analysis with the indicated ahtibodies. For kinase activity,
equal amounts of protein (300 pg) from cell lysates were prepared from each cell line
immuno‘:precipitated with anti-CDK2 antibody (polyclonal) coupled to protein A beads
using histone H1 as substrate. For each cell line we show the resulting
autoradiogram of the histone H1 SDS-PAGE and the quantitation of thev histone H1
associated kinase activities by Cerenkov 6ounting. The numbers on the left ordinate
refer to cpm obtained from H1 kinase assay for 76N cells (solid bars), and the
numbers on the right ordinate refer to the cpm obtained from H1 kinase assay for 81N

cells (shaded bars).

Figure 3. No change in the expression of cell cycle regulators by UCN-01in tumor
cells. MCF-7, MDA-MB-157, and MDA-MB-436 tumor cell lines were treated with the
indicated concentrations of UCN-01 for 48 hours. Following treatment cells were

harvested, cell lysates prepared and subjected to Western blot analysis as described

for figure 2.

Figure 4. UCN-01 mediated G1 arrest is pRb dependent and p53 independent. (A)
76N, 76NE6, and 76NE7 cells were treated with the indicated concentrations of UCN—
01 for 48 hours and subjected to growth inhibition analysis as measured by MTT
| assay and repeated 3 times. Error bars are indicated for each condition and eéch cell
line. In all cases the error bars were smaller than the symbol size and cannot be
seen. (B) Percent change in cell cycle distribution of cells in G1 and S phase following
UCN-01 treatment . The bar graph reflects the percent change of G1 and S phases of

UCN-01 treated cells relative to the untreated controls, for each cell line.
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Figure 5. Cell cycle perturbation induced by UCN-01 in 76NE6 and 76NE7 cell.s.
76NE6 and 76NE7 cells were treated with the indicated concentrations of UCN-01 for
48 hours. Following treatment cells were harvested, cell lysafes prepared and
subjected to (A) Western blot analysis, (B) CDK2 immune.gcomplex formation, (C)
CDK4 immune-complex formation, and (D) Histone H1 kinase analysis as described
for Figure 2. In panel D the numbers on the left ordinate refer to cpm obtained from
H1 kinase assay for 76NE6 cells (solid bars), and the numbers on the right ordinate

refer to the cpm obtained from H1 kinase assay for 76NE7 cells (shaded bars).

Figure 6. 76NE7 cells arrest in S phase with high concentrations of UCN-01.
76NE6 and 76NE7 were treated with 0, 80 and 300 nM UCN-01 for 48 hours at which
point samples were isolated and cell cycle distribution was analyzed by flow cytometry

as descrbed. Black, %G1; white, %S; shading, % G2/M

Figure 7. Synchronization of normal cells in the G1/S phase does not abrogate their
ability to arrest in G1 by UCN-01. Asynchronously growing 81N cells (top panel) were
synchronized at the G1/S boundary by double-thymidine block (see Materials and
Methods). Synchronized cells were treated with either 0 or 300 nM UCN-01. At the

indicated times following UCN-01 treatment cells were harvested for analysis by flow

cytometry.

Figure 8. UCN-01 and staurosporine act at different cell cycle checkpoihts. Normal
breast epithelial (70N and 81N) cell strains and tumor (MDA-MB-157 and MDA-MB-
436) cell lines were treated with no drug or equally cytotoxic concentrations of UCN-01

(i.e 300 nM) or staurosporine (i.e. 64nM) for 48 hours. Following treatment cells were

harvested for analysis by flow cytometry.
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